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Abstract
In the recent years, the use of metallic nanoparticles to enable high efficiency solar cell concepts
has frequently been described in scientific literature. The excitation of surface plasmons on
these nanoparticles has been shown to have the potential to increase absorption in both wafer-
based and thin-film silicon (Si) solar cells. Among the different preparation methods, chemical
synthesis of metallic nanoparticles can be a simple and economical solution which can be applied
in large scales as required for industrial applications. In the present work, a novel approach to
fabricate silver (Ag) nanoparticles for light trapping applications has been demonstrated.
Silver nanoparticles were synthesized by two main chemical reduction reactions. Silver
nitrate was adopted as the main precursor, and reduced by sodium borohydride and trisodium
citrate to produce particles of different size regimes.
TEM and UV-Vis spectroscopy were used to survey the nanoparticle size, structure and
morphology. The sodium borohydride and trisodium citrate reduction routes resulted in silver
nanoparticles with diameter ranges of 7-15 nm and 50-100 nm, respectively. The size distribu-
tion of the formed particles was found to depend on the synthesis conditions. By adjusting the
volume ratios of the aqueous precursor solutions in the borohydride synthesis, it proved possible
to obtain particles of certain sizes and size distributions. The colloidal stability of the formed
nanoparticles was also investigated with respect to time, temperature and influence of irradiation.
The main purpose of the chemical syntheses is the deposition of the silver nanoparticles onto
solar cell substrates to investigate possible light trapping effects. Different techniques for apply-
ing the colloidal silver were tested, and optical microscopy, AFM and SEM were employed
for characterization of the particle distributions on the substrates. Reflectance measurements
were performed on planar, monocrystalline silicon solar cells without antireflection coatings
before and after the deposition of nanoparticles from the two syntheses. A reduction of the sur-
face reflection was observed over the whole investigated spectral range as a result of the silver
nanoparticle deposition. The colloidal silver was also used to investigate the potential for further
light harvesting in cells with thick substrates and traditional light trapping arrangements. Mea-
surements of the quantum efficiency showed promising enhancements at the longer wavelengths,
indicating the utilization of incident radiation that is normally lost in poor absorbing silicon.
Valuable understanding of the optical properties of metal nanoparticles was gained by per-
forming theoretical simulations employing software based on the Mie scattering theory. Com-
parisons of the simulated data and results from TEM and UV-Vis spectroscopy provided with
insightful information on how the optical absorption of colloidal silver reflect the properties of
the dispersed nanoparticles.
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Chapter 1
Introduction
The increasing demand for energy constitutes one of the biggest challenges the world faces to-
day. According to the International Energy Agency (IEA), the global energy consumption is
expected to grow by 49% from 2007 to 2035 [1]. A reason for this is the expected growth of
the global population, which is anticipated to reach 9 billion people by 2050 [130]. In addition,
the industrialized countries consume increasingly higher amounts of energy and are steadily ap-
proached by the undeveloped countries with respect to living standard, many of which have large
populations and high birth rates. Fossil fuels are by far the biggest suppliers of energy, with liq-
uids, gas and coal constituting nearly 85% of worldwide usage in 2007. Energy from renewable
sources however, made up less than 10% of the total [1]. The fossil fuel reserves will eventually
be depleted and we will be forced to adopt other sources of energy. However, the earth’s crust
still holds tremendous amounts of fossil fuels and technological advances continuosly increase
the amounts available for extraction. The extensive use of fossil fuels in the present energy
system can by high certainty be linked to global warming, which is a potential threat to life on
earth and the human society. Generating power in the future must hence unavoidably be based
on more environmental friendly sources of energy.
The sun is such an alternative. By the use of photovoltaics, or more specifically; solar
cells, energy from the sun can be directly converted to electricity without polluting emissions
and with potentially low levels of maintenance. During the last few decades, great advances
have been made in the solar cell research to enhance the solar energy conversion efficiency, as
seen in figure 1.0.2. Even though the cost of solar electricity is making the use of solar cells
for electricity production an increasingly attractive and long term solution, it constitutes only a
small share of the world wide energy production as of today. Thus in order to get access to larger
energy markets, the costs of solar electricity must be further reduced.
At present, the major part of the solar cell market is based on silicon (Si) wafers with thick-
nesses varying from 200-300 µm [24]. Since around 40% of the cost of producing modules from
crystalline silicon could be related to the use of silicon material alone, one approach is to reduce
material consumption through the use of deposited thin films or thinner silicon wafers. However,
when the solar cells become optically thin, light trapping structures must be incorporated into
the solar cell design in order to reduce losses due to transmission. This is particularly the case
for crystalline silicon, where the indirect nature of the band gap causes a large amount of the
incident near band gap radiation to be lost.
Conventional wafer-based cells take advantage of micrometer-sized structures in the surface
to trap light, but the processes and dimensions involved are incompatible with very thin sub-
strates. Instead, the use of metallic nanoparticles deposited onto solar cells, as shown in figure
1.0.1, to enable light trapping through the excitation of surface plasmons has been established
as a very promising alternative [95, 12]. Different ways to prepare these nanostructures have
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Figure 1.0.1: A schematic of a solar cell with silver nanoparticles deposited on the surface. Light scattered
by the particles travels a longer distance inside the silicon and will thus have a larger probability of being
absorbed.
been demonstrated, and among the different techniques, chemical synthesis of metallic nanopar-
ticles has been suggested as a simple and economical synthetic route which can be applied at a
large scale. Large scale fabrication methods are indeed required for most industrial applications.
Among the different preparation methods, chemical synthesis of metal nanoparticles can be a
simple and economical solution which can be applied in large scales as required for industrial
applications. In the present work, silver nanoparticles from two different chemical synthesis
routes have been deposited on wafer-based solar cells to investigate the light trapping effects, as
evidenced by increases in the quantum efficiency (QE) at the higher wavelengths.
Figure 1.0.2: Solar cell efficiency chart, showing the progress during the last 30 years [88].
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Chapter 2
Background
2.1 Solar Cells
This part introduces the reader to the basic principles of silicon solar cells. It gives a brief
description of the workings together with an overview of the most important factors decreas-
ing solar cell efficiency. In connection with this, conventional techniques for light-trapping is
discussed, thereby introducing the motivation for doing the work of this thesis.
2.1.1 Solar energy - an introduction
Following increased focus on the environment and the finite supply of fossile fuels comes the de-
mand for the development of an alternative energy source. One of the most promising prospects
for clean energy for the future comes from photovoltaics, the direct conversion of sunlight into
electricity using semiconductor devices.
Every hour the sun delivers more energy to the earth than humankind consumes in one year.
The energy is emitted as radiation over a range of wavelengths, peaking in the visible. Based
on the mean distance between the earth and the sun, it is possible to define the solar constant,
S = 1367W/m2 [49], giving the power density reaching the earth outside the atmosphere.
Not all of this energy reaches the earth’s surface however, as some of the radiation is reflected,
scattered and absorbed by clouds and air molecules like water (H2O), ozone (O3) and CO2.
Therefore the standard used for solar cell calibration is the Air Mass 1.5 spectrum illustrated in
figure 2.1.1. This is defined as the real optical path length of the sun divided by the optical path
length if the sun is directly overhead. The standard AM 1.5 spectrum corresponds to the sun
being at an angle of elevation of 42◦.
2.1.2 Basic principles
The most typical solar cell structure is made up of silicon, which is a semiconductor. Semi-
conductors are materials that have a small but distinct energy gap (the band gap) between the
highest occupied and the lowest unoccupied energy states, known as the valence and conduction
band, respectively. In semiconducting materials, photons can excite electrons from the valence
band into the conduction band, provided that the photon energy is above that of the band gap of
the semiconductor, as shown in figure 2.1.2. These electrons are now released from their bonds,
creating electron-hole pairs. A hole is basically a missing electron and is viewed as a particle
with positive charge. Both electrons and holes are free to move and conduct electricity, hence a
population of free charge carriers arise in the material upon excitation.
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Figure 2.1.1: The standard terrestrial solar spectrum (AM 1.5). The shape of the graph resembles the
radiation distribution from a black body at 5760 K. The blue part of the spectrum indicates what is utilized
by conventional silicon solar cell technology [105].
Under normal conditions, the electrons that are excited into the conduction band quickly
relax back to the ground state, i.e. they recombine with the holes. In solar cell devices however,
it is important that these electrons are collected to prevent relaxation and instead supply an
electric current. This is done by creating an electrical asymmetry that drives the electrons away
from the vicinity of their original state. The energy of the photons that are absorbed in the
semiconductor is thus transferred to the excited electrons, creating a potential difference which
can be used to drive current through an external curcuit.
pn-junctions
Silicon is positioned in period 14 of the periodic table, thus it has four valence electrons. In
a Si crystal, the atoms are organized in a tetradhedral structure where each of the four valence
electrons are covalently bounded to the valence electrons of the neighboring atoms. Substituting
Figure 2.1.2: When semiconductors are exposed to light with photon energy above that of the band gap,
electron-hole-pairs are created. Both electrons and holes are free to move in the material and hence able
to conduct electricity.
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some of these Si atoms with atoms that have only three valence electrons, e.g. boron (B), will
make one of the four bonds unsatisfied, it is now said to contain a hole. This type of Si material
is denoted as p-type and the introduced specie an acceptor dopant. Conversely it is possible to
introduce atoms of higher valence, e.g. phosphorus (P) with five valence electrons, so that there
will be a fifth electron that is not contained in any bond and hence being able to move freely
around. In this case the silicon is said to be n-type and the dopant a donor.
There is a net excess of electrons in the n-type and likewise a net excess of holes in the p-
type Si material. When n- and p-type materials are put together, there will be a diffusion of holes
from the p- to the n-type material where they recombine with electrons, leaving uncompensated
negatively charged acceptor ions (Na). Similarily there will be a diffusion of the electrons from
the n-type Si to the p-type where they recombine with holes, leaving positively charged donor
ions (Nd). Consequently an electric field arises between the n-type and the p-type materials.
This will reduce the diffusion current and a drift current is established in the opposite direction
of the electric field. Eventually these currents will cancel each other out and equilibrium is
established.
A typical silicon solar cell is presented in figure 2.1.3. Traditionally the wafer is p-type
with a thin layer of n-type material on the top, the two components being known as the base
and emitter, respectively. When sunlight generates electron-hole pairs, the electric field of the
pn-junction draws the electrons towards the top of the cell and the holes to the bottom of the
cell, where they can be extracted by metal contacts. The current generated by the photoxcited
charge carriers is called the photocurrent.
Figure 2.1.3: Schematic of a silicon solar cell
Solar cell efficiency
To understand the electronic behavior of solar cells, it is often modelled by a current source in
parallell with a diode. The net current density is given by
J(V ) = Jsc − Jdark = Jsc − J0
(
e
qV
kbT − 1
)
(2.1.1)
where Js is the short-circuit current density and Jdark the current flowing under no illumination
described by the ideal Shockley diode equation.
It is common to use I-V characteristics to indicate the efficiency of solar cells. The open-
curcuit voltage Voc and the short-curcuit current Isc are determined by a given light level by the
cell properties. The open circuit voltage can easily be derived from equation 2.1.1 given that
there is no net current flowing:
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Voc =
kBT
q
ln
(
1 +
Jsc
J0
)
(2.1.2)
.
An expression for the photocurrent density at short circuit can be given by
Jsc = q
∫ ∞
0
α (E) ηcoll (E) [1−R (E)] Φ (E) dλ
= q
∫ ∞
0
EQE(E)Φ (E) dλ
(2.1.3)
where Φ(E) is the incident spectral photon flux density and R(E) the fraction of reflected
photons as a function of the photon energy. α(E) and ηcoll(E) are the absorption coefficient and
collection efficiency of the solar cell material, respectively. The product α(E) · ηcoll(E) · [1 −
R(E)] is known as the external quantum efficiency and reflects the probability of an incident
photon generating one electron that is collected at the contacts. The EQE does not depend on
the incident spectrum, hence it is therefore a key quantity in describing solar cell performance
under different conditions.
The maximum power delivered to a load by a solar cell occurs when the product V I is at
its maximum, Pm, i.e. when the solar cell operates at its maximum voltage (Vm) and maximum
current density (Jm). The fraction of maximum power and the product of Voc and Jsc is defined
as the fill factor, FF (see figure 2.1.4), which further can be related to the efficiency, η
η =
JmVm
Ps
=
JscVocFF
Ps
(2.1.4)
where Ps is the incident light power input from the sun.
Figure 2.1.4: Current-voltage characteristics and the fill factor of a solar cell
2.1.3 Loss mechanisms
Band gap limitations
The absorption of photons is limited by the band gap of the solar cell material. Incident photons
of energies Ephoton < Eg are not able to excite electrons, instead their energies are transmitted
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to other electrons or to the lattice, or they simply pass right through the cell.
Thermalization
Photons with energies Ephoton > Eg are able to excite electrons into the conduction band, the
excess energy will be transferred to kinetic energy of the electrons. This excess energy however,
will eventually end up in lattice vibrations, leading to an undesireable temperature raise in the
cell.
Resistance
Losses due to resistance originates from within the semiconductor material, the metal contact
grid and the external circuit, in junctions between the semiconductor and the metal contacts and
in the junctions between solar cells.
Recombination
Electrons exist in the conduction band in a meta-stable state and will eventually fall back to a
lower energy position in the valence band where they combine with holes. The process in which
this happens is called recombination and is frequently classified according to the region of the
cell where it occurs. Figure 2.1.5 shows some of the typical loss mechanisms in solar cells.
• In radiative recombination an electron directly combines with a hole in the conduction
band and releases a photon. Dominates in direct bandgap semiconductors amd is the key
mechanism in LED devices.
• Auger recombination involves three carriers. An electron and a hole recombine, but in-
stead of emitting the energy as heat or as a photon, the energy is given to an electron in
the conduction band which quickly thermalizes back down to the conduction band edge.
Most important in heavily doped semiconductors.
• Shockley-Read-Hall (SRH) recombination occurs through defect levels, both unintention-
ally introduced or deliberately added to the material. This introduces energy states in the
forbidden region of the band gap where electrons can be trapped and eventually recom-
bined with holes in the valence band.
Optical losses
Optical losses in solar cells are mainly responsible for lowering the short-curcuit current. Gener-
ally, optical losses mean incident light which could have generated electron-hole pairs, but does
not. Instead it is reflected of the front surface and never enters the cell, or it is not absorbed in
the solar cell material, rather going straight through. There are several ways of reducing optical
losses by considering design issues of the solar cell.
• Minimizing the top contact coverage of the cell surface. There is however a trade-off in
the balance between the increased reflection caused by a high fraction of metal coverage
of the top surface and the increased resistive losses associated with a more widely spaced
grid of fingers and busbars. Other techniques involve the use of transparent conductive
oxides (TCO) and back-contacted solar cells, although such solutions may contribute to
negative issues elsewhere in the cell.
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• Surface texturing can be used to reduce reflection, often in addition to anti-reflection coat-
ings (ARC) of suitable materials.
• The optical path length in the solar cell may be increased by texturing the back surface
and using highly reflecting materials beneath the cell material.
Shockley and Queisser calculated the maximum theoretical efficiency of an ideal homojunc-
tion solar cell that only exhibits radiative recombination [115]. They applied the principle of
detailed balance, which means that the number of electrons extracted as current is considered
equal to the difference between the number of photons absorbed and emitted by the solar cell.
The calculated power conversion efficiency will then be independent of the material quality. The
theoretical peak performance of such a cell was found to be about 30%.
Figure 2.1.5: Some loss mechanisms in solar cells
2.1.4 Thin film silicon solar cells
Thin-film silicon technology involves the use of considerable thinner semiconductor regions
than in traditional wafer-based solar cells. In the case of silicon, where material costs make
up a great part of the overall costs of the finished module, thin-film devices have the potential
to significantly reduce the price of photovoltaics. Whereas ’classical’ solar cells are made up
from wafers 180-300µm thick, thin-film cells have active regions of just a few µm. Besides the
heavily reduced material consumption, thin-film solar cells allow the possibilities for large-area
depositions on cheap substrates and simpler device processing [90].
A typical material for thin-film solar cells is amorphous silicon (a-Si). Unlike crystalline
silicon it lacks long-range order and a distinct lattice structure, resulting in ’dangling’ bonds
which cause a high defect density and low diffusion lengths. The optical properties of a-Si
are also significantly different from those of c-Si. E.g., the band gap increases from 1.1 eV in
crystalline silicon to 1.7 eV in the amorphous material. A big advantage for thin film applications
of a-Si is its much higher absorption coefficient than c-Si. Making it possible to collect photons
of long wavelengths with just a few µm.
Importance of light trapping
The absorption coefficient α describes how the light intensity is attenuated when travelling
through a material. Consider a beam of photons of energy E and intensity I0 normally striking
the surface of an absorbing material of thickness dx. A fraction α · dx will be absorbed and the
light intensity will get attenuated by a factor e−α(E)dx, hence
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dI
dx
= −αI (2.1.5)
The absorption length of a solar cell material is a useful quantity. It is defined as the distance
a photon (with a certain wavelength) travels before the intensity drops to 1/e, and given by
Lα = 1/α. It is important that the absorption length is small so that only a few microns is
necessary to absorb the light, which is the case for direct band gap materials like GaAs and InP.
The absorption length of silicon is shown in figure 2.1.6, revealing high values of Lα already at
relatively low wavelengths. E.g. a photon of wavelength 1000nm has an absorption length of
156µm, thus requiring several hundred µm of silicon for complete optical absorption.
Figure 2.1.6: The absorption coefficient, α and absorption length, Lα of silicon as a function of the
wavelength
Recalling the proportional relationship between absorption and the device current, it is clear
that the latter will get severely limited in very thin Si films. Therefore, instead of letting the light
pass through the material of thickness dx just one time, consider an allowed optical path length
L >> dx. This can be acieved by e.g. non-normal incidence of the light or internal reflection in
the material. The absorption of such a material can be written as
A = 1− e−αL (2.1.6)
Figure 2.1.7 shows the optical absorption for path lengths L = 1, 10, 100 and 1000µm in
crystalline silicon together with the AM1.5 solar spectrum [33] for comparison. For path lengths
between 1 and 10µm the longer wavelength photons are hardly absorbed due to small absorption
coefficients in this spectral region, as seen in figure 2.1.6, caused by the indirect bandgap of
silicon. It is clear that the regular assumption of unity absorption above the band-gap is not
applicable for thin-film cells of silicon as the optical absorption obviously is not a step function
c.f. figure 2.1.7.
2.1.5 Light trapping
Light trapping is defined as optical path length enhancement in the active regions of the solar
cell. It is equivalent with increasing the thickness of the cell, but with the extra advantage of
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Figure 2.1.7: Optical absorption A = 1 − e−αL in crystalline silicon at 300K for optical path lengths L.
Also shown for comparison is the terrestrial solar photon flux
reducing bulk recombination losses as the minority carrier diffusion lengths are shortened.
Increasing the optical path length in a solar cell can be accomplished by providing low
reflection at the surface, favoring of oblique angles in the radiation direction inside the material
together with efficient internal reflection.
For the simple case of a plane boundary between two materials of refractive indices n0 and
ns, light striking the surface at normal incidence is reflected with the probability
R =
(
n0 − ns
no + ns
)2
(2.1.7)
Texturing
Texturing of the surface increases the probability of reflected light going back into the surface.
Such a texture is usually achieved in monocrystalline silicon by the use of a selective (isotropic)
etch acting on preferred crystal planes. The resulting random pyramid structure can be seen
in figure 2.1.8. Due to the random crystal orientation this is not applicable for polycrystalline
silicon however. Alternatively it is possible to exploit the randomized surface which is created
during wafer sawing, leaving scars and holes in the silicon surface.
Figure 2.1.8: Left: the reflected light can strike the surface again, rather than being lost to the surround-
ings, in a textured surface. Center: a square based pyramid pattern forming the surface of an etched
silicon substrate. Right: SEM picture showing a textured silicon surface [106].
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The dimensions of these surface structures can be up to 10µm in depth. Thus, such texturing
is not applicable for thin-film technologies with active layers of just a few µm. Solutions may
include the use of nanotexturing or metallic nanoparticles for plasmonic light trapping.
A textured wafer can still reflect 20-30% of the light, hence it is most often used in combi-
nation with an anti-reflection coating.
Anti-reflection coatings (ARC)
Coating the surface of a solar cell substrate is not solely for passivating reasons, careful de-
signing can lead to great minimization of the reflection of the device. The idea is using an ARC
material of chosen refractive index and thickness to make the reflection vanish at the surface. An
ideal ARC has a thickness so that waves reflected from the top surface of the coating destruc-
tively interfere with waves reflected from the semiconductor surface. The thickness d1 is chosen
so that the wavelength in the coating material is one quarter the wavelength of the incoming
wave, and can be calculated by:
n1d1 =
λ0
4
(2.1.8)
where λ0 is the wavelength of the incoming light and n1 is the refractive index of the coating
material. It can also be shown that reflection from a coated substrate is at its minimum when
the relationship n1 =
√
n0ns is fulfilled. An ideal coating material for Si, with ns = 3.5 − 4
in the most relevant part of the optical spectrum, in air have been calculated to have n1 =√
nSi ≈ 1.84 [90]. This minimization of reflection will only be valid for a specific wavelength
however, and the ARC design is usually optimized for red light where solar irradiance is high
(thus resulting in the blue color of most silicon solar cells). Silicon nitride with n1 = 1.97 is
the most frequently used ARC material for silicon solar cells. As an example, choosing λ0 =
600nm as where reflection minimization is wanted, requires an ARC thickness of d1 ≈ 75nm.
Figure 3.1.1 shows the reflection from silicon nitride (solid lines) and silicon oxide (dotted lines)
antireflection coatings deposited with plasma-enhanced chemical vapor deposition (PECVD) on
planar monocrystalline silicon wafers at IFE. By varying the PECVD parameters, different ARC
thicknesses, and hence reflection spectra, could be obtained. The reflection from a wafer with
only a native oxide is shown for comparison.
For the light to have an even smoother transition, and thereby lower probability of getting
reflected when entering the semiconductor, it is possible to add more than one layer of ARC
material, each minimizing the reflection at different parts of the spectrum. Combining two
layers can give an overall reflectance of less than 3% but such ARCs are usually too expensive
for most commercial cells.
Rear-reflector
Solar cells are usually designed with a reflector on the rear to make light pass through the device
multiple times. For ideal lambertian light trapping, which provides for total randomization of
the reflected light, the path length can be enhanced by a factor 4n2. For silicon with n ≈ 3, 5 the
enhanced path length can be approximately 50 times the physical thickness of the cell [16]. Also,
metallizing the rear of the cell with aluminium or gold is done to supply additional reflectance
one the cell backside.
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Plasmonic light trapping
When the thickness of a solar cell substrate no longer allows for conventional surface texturing,
novel technologies must be adopted. One such technique involves the deposition of metallic
nanostructures on the surface. When irradiated by light, surface plasmons are excited on the
nanostructures, making them act like small antennas for light harvesting. During the last few
years, experimental work has been done to investigate the light trapping effects of metallic
nanoparticles deposited on both the front- and backside of silicon solar cells. A good review
of the work done up to now (spring ’10) on plasmonics for photovoltaic applications is found in
Atwater and Polman [6].
Before looking more into the possibilities of incorporating plasmonics into photovoltaics, an
introduction to plasmons and surface plasmons in particular is treated in the following section.
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2.2 Surface plasmons
This part gives an introduction to surface plasmons and their origin. The text is gradually angled
towards utilizing surface plasmons to increase the efficiency of photovoltaics and examples of
previous work is discussed in this context.
Metal nanoparticles have been used as decorative pigments since the time of the Romans
when it was discovered that silver and gold particles in the nano range embedded in dielectric
surroundings exhibit unique optical properties [77]. The most famous example is maybe the
Lycurgus Cup from the 4th century AD. Analysis have shown that the glass contains small
amounts of nanoparticles of silver and gold approximately 70nm in diameter. The cup appears
green in the reflected light and looks red when a light is shone from inside and is transmitted
through the glass as seen in figure 2.2.1. This is due to the excitation of surface plasmon modes
on the gold and silver particles embedded in it.
Figure 2.2.1: The Roman Lycurgus cup from the 4th century AD in (a) reflected light and (b) transmitted
light [56].
The energy of the surface plasmon resonance depends on the dielectric constants of both the
nanoparticle and the surrounding medium. Mie was the first to explain the red color of colloidal
gold nanoparticles in 1908, after Michael Farday had stated in 1831 that particle size was the
color-determining factor [63, 20]. Mie’s biggest discovery was that materials which real part of
the dielectric function was negative, showed an anomalous peak in the absorption spectrum in
form of small particles [66].
The reduction of the dimensions of materials has pronounced effects on the optical prop-
erties. The reason for this behaviour can generally be ascribed two different phenomena. One
is due to the quantum confinement, i.e. increased energy level spacing as the system becomes
more confined, and the other is related to the surface plasmon resonance.
Metallic photonic materials demonstrate unique properties due to the existence of electro-
magnetic surface waves known as surface plasmons. Surface plasmons are set to become part
of the photonics revolution in which the interaction between light and matter is controlled by
producing patterned structures that are periodic on the scale of the wavelength of light. Surface
plasmons open up a wealth of new possibilities for photonics because they allow the concentra-
tion and propagation of light below the usual resolution limit, thus opening up such possibilities
as sub-wavelength optical components.
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2.2.1 Basic introduction to plasmons
A plasma is a medium with equal concentrations of positive and negative charges, of which at
least one charge type is mobile. Plasmons are quanta of plasma oscillations.
Plasmons are particularly related to materials that show metallic properties, i.e. that have
free electrons. Consider a material of this kind in equilibrium conditions with its mobile negative
charges stabilized by fixed positive ions (cations). This is what is known as the jellium model
in metals. Now disturbing these ideal conditions by introducing an external electromagnetic
field will give rise to a non-uniform charge distribution and hence an internal field as shown
in figure 2.2.2. The negative charges will gain momentum from this field, but since they are
simultaneously pulled back towards the positive charges and we assume they are not energetic
enough to escape the electric field created by the nuclei, they end up oscillating about the positive
charge distribution. This oscillation of mobile electrons from the conduction band is called a
plasmon.
Figure 2.2.2: Schematic of the plasmon oscillation of a sphere, showing the displacement of the conduc-
tion electrons relative to the nuclei [57]
2.2.2 Bulk and surface plasmons
Most often one distinguishes only between plasmons that exist in the bulk and the ones that exist
on the surface of materials. It is however, important to separate the surface-bound plasmons
according to the geometry of their surroundings.
Bulk plasmons
When considering plasmons that exist in the bulk, one can think of longitudinal oscillation of
free electrons in an infinite metallic medium. The frequency of this collective oscillation is
called the plasma frequency, ωp, and is given by [62]
ωp =
√
ne2
0m
(2.2.1)
where n, e and m are the electron density, electronic charge and mass, respectively, and 0 the
permittivity of free space. The bulk plasmons do not contribute in the same way as surface plas-
mons to the interesting optical properties of solids. This is because the probability of plasmon
excitation in the bulk of a material is small since the energy of visible light provides too little
momentum to the electrons in the crystal. The conduction electrons will thus simply relax back
to equilibrium conditions when using light of optical wavelengths [66]. Hence, electron or x-ray
spectroscopy is needed for bulk plasmon characterization [119].
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Surface plasmon polaritons (SPPs)
Because of the long-range nature of the organizing forces in a plasma oscillation, it is reasonable
to expect that for sufficiently small systems the electrons will sense the presence of the bound-
aries and modify their collective behavior accordingly. Indeed, surface plasmons are possible
in thin films, propagating along the interface of a conductor and a dielectric medium where the
real part of the dielectric function, , has opposite signs [5]. Although analogous to bulk plas-
mons, these plasmons are restricted to the mobile electrons of surfaces. When the excitation of
these plasmons is combined with that of a photon, a surface plasmon polariton is created. Two
important properties of SPPs must be considered related to the photon-excitation of plasmons:
First, there is a momentum mismatch between the SPP and the exciting photon. Second, the
electromagnetic field caused by the oscillations has its maximum at the surface and will decay
exponentially with the distance to the surface [103, 112], this is said to be evanescent or near-
field. Consequently, special techniques must be used to couple the light into plasmons and we
can say that SPPs are non-radiative waves on the surface.
Figure 2.2.3: The electric field perpendicular to the surface is enhanced near the surface and decays
exponentially with distance away from it (a). This field is said to be evanescent, reflecting the bound
surface plasmon modes and prevents power from propagating away from the surface (b) [9].
At flat metal surfaces, excitations can only be achieved in the metal-dielectric interface by
the use of special geometries that provides the required wavevector, ksp, matching of the surface
wave with that of the light producing it (e.g. Kretschmann [101] or Otto [92] configuration).
(3 principles: prism and total internal reflection; scattering from topological defects like small
holes in a thin film; periodic corrugations in the metal’s surface).
SPPs have higher k-values and thus higher momentum (hk) than light of the same frequency.
This will give rise to a strong resonant interaction between oscillating electrons and the electro-
magnetic field caused by the light, which again results in unique optical properties. This can
be understood by looking at the surface plasmon dispersion relation derived from the Maxwell
equations under appropriate boundary conditions [112]:
ksp = k0
√
md
m + d
(2.2.2)
where the free space vector is k0 = w/c and m and d the dielectric constants of the metal and
the dielectric medium, respectively. The dielectric constant of the metal is frequency dependant
and given by the Drude formula [15]:
(ω) = 1− ω
2
p
(ω2 + iγω)
(2.2.3)
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where ωp is given by eq (1) and γ is the collision frequency of the electrons usually termed
the damping coefficient. Then, to get the surface plasmon k vector larger than that of light,
the square root in equation 2.2.2 must be larger than 1. This is obtained when m and d have
different signs. A metal will directly satisfy this criterion since its m is negative and complex
[112]. As a result of the higher momentum of SPPs than light, power will be prevented from
propagating away from the surface. This is the fundamental principle behind surface plasmon
waveguiding [78].
The frequency, ωsp, of a surface plasmon on the flat surface of a nearly infinite piece of
metal, can easily be determined from the frequency of a bulk plasmon in a metal, ωp, because
it corresponds to: Re m(ωsp) = −i, where i > 0 is the dielectric constant of the dielec-
tric medium. By solving the equations given for the dispersion relationship and the dielectric
function, the maximum frequency of the surface plasmon is found to be
ωsp =
ωp√
1 + d
=
ωp√
2
(2.2.4)
for a metal with free electrons in contact with a vacuum medium. Once light has excited a surface
plasmon mode on a flat metal surface it will propagate but also gradually degrade because of
losses arising from absorption in the metal. The degree of degradation depends on the dielectric
function of the metal at the frequency at which the SP oscillates. Silver, which is the metal
with the lowest loss in the visible spectrum, has typically propagation distances in the range of
10-100µm, and up to 1mm at wavelengths above 1.5µm [9]. Most often, the surface plasmon
resonance frequency ωsp lies in the UV (ultra-violet) region for metals and the IR (infra-red)
region for heavily doped semiconductors.
Localized surface plasmons (LSPs)
Consider again a flat metal surface. Now introducing curvature or roughness to this surface,
and hence more confinement to the geometries that the surface plasmons are bound to, will
give rise to a different kind of plasmon excitation. While SPPs are propagating surface modes
along the interface between a thin, flat metallic film and a dielectric, localised surface plasmons
(LSPs) are confined to curved metal objects, such as small metal particles or voids in metallic
structures. These LSPs are characterized by frequencies which depend upon the size, shape and
dielectric constant of the object to which the surface plasmon is confined. As described earlier,
SPP modes can only be excited if both the frequency and wavevector of the exciting light match
that of the SPP. In contrast, LSPs can be excited resonantly with light of apropriate frequency
(and polarization), independent of the excitation light wavevector [137].
Localized surface plasmons are assigned not only to small particles, but also to features on
metal surfaces. For the LSPs to be excited, the geometry to which they are confined needs to
be finite and within a certain size. Variations in size and shape will affect the intensity as well
as the peak-shift of the scattering produced by the particles or surface-features. The treatment
of LSPs are only valid if the characteristic dimension of the system is much smaller than the
wavelength of the exciting light. By considering a small metal particle, the positive charges can
be assumed to be fixed while the negative charges are moving under the influence of an exter-
nal field. This external field will now give rise to a displacement of the positive and negative
charges, as described introductorily and shown in figure 2.2.2. Treating the electric field of the
incoming light as constant, the problem can be treated with electrostatics rather than electrody-
namics, the approximation is said to be quasistatic. This electric field, ~E(t), on a nanoparticle
with dimensions much smaller than the wavelength of the light creating it and with a dielectric
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constant m, induces a dipole moment [108].
~p(t) = 0mα~E(t) (2.2.5)
where 0 and m is the dielectric constant of vacuum and α is the polarizability of the particle.
The internal field is given by [128]
Ei = E0
3d
m + 2d
(2.2.6)
where d is the relative permittivity of the dielectric medium and m is the complex relative
permittivity of the particle given by m = ′m + i′′m. This is again related to the index of
refractionN = n+ik by ′m = n2−k2 and ′′m = 2nk. The real term describes the polarizability,
whereas the imaginary term is related to absorption and thereby dissipation of energy in the
particle [94]. In fact, the imaginary term can be directly related to the absorption coefficient
by α = 4pik/λ [37]. Materials which have negative values for the real part of the dielectric
function have high reflectance and a small dissipation (i.e. ′′/′ << 1). Metals exhibit this
property below its bulk plasma frequency and this is the reason for the high optical reflectivity
of metals [97] The polarization, α, of a sphere can be found by
α = 3V 0
m − d
m + 2d
(2.2.7)
as given by Mie. Here, the dielectric constants are as given before, and r and V are the radius
and volume of the particle. The polarizability is largest when the denominator in equation 2.2.7
equals to zero or is as small as possible, i.e. at the frequency where m = −2d or |m + 2d|
is at its minimum. The solution to this is the frequency at which ′ = −2m and ′′ = 0,
which is sometimes termed the Frölichfrequency [15]. From equation 2.2.6 we see the same
strong interaction of the spheres with the incident field at the same frequency. This frequency
corresponds to the surface plasmon resonance, and is given by:
ωlsp =
ωp√
1 + 2d
(2.2.8)
For a metal sphere in vacuum where d = 1, ωsp = ωp/
√
3. In the case of voids in the bulk of
a metal, the LSP frequencies of a particle and a void of the same shape can be estimated from
each other as they are related like [137]
ω2particle + ω
2
void = ω
2
p (2.2.9)
Since LSPs are confined to a particle, this can result in selective photon absorption, scatter-
ing and a significant enhancement of the electromagnetic field in the particle-vicinity when the
volume to which it is localized gets very small. Enhancements of 100-10.000 times the incident
field has been observed in the vicinity of small metal nanoparticles and with a spatial resolution
in the order of 10-50nm [98, 42]. The spectrum of LSPs associated with an ensemble of particles
depends significantly on the size and shape of these particles, the distance between them, and
also the dielectric properties of the surrounding substrate and medium [137].
Most often one uses a dipole approximation where the electrons are driven to the surface of
the particle as shown in figure 2.2.2. This is however, only applicable to very small particles,
as higher order multipoles will influence the charge distribution when the particles grow bigger
[137]. This will be explained in further details when dealing with the size and shape of the
particles.
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2.2.3 Extinction by metallic nanoparticles
Extinction is the sum of absorption and scattering of the incident light by the metallic nanopar-
ticles. Ideally we want scattering processes to provide for all of the extinction, as the energy
from the light is merely lost into heat when absorbed by the particles [107]. When the incident
radiation is in the frequency range near that of the surface plasmon resonance, the polarizability
of the particles increases and the field lines are more strongly affected in a larger distance from
the particle. As a consequence, light may interact with the particle over a cross-sectional area
larger than the geometrical cross-section of the particle. These cross-sections can be defined as
follows [15]:
Cabs =
2pi
λ
Im[α] (2.2.10)
Cscat =
1
6pi
(
2pi
λ
)4
|α|2 (2.2.11)
Where α is here the polarizability of the particle, given by
α = 3V
m − d
m + 2d
(2.2.12)
Figure 2.2.4: Field lines around a small aluminium sphere illuminated by light of energy 8.8eV (a) and 5eV
(b). The dashed, horizontal line represents the effective radius of the sphere for absorption of light [15].
Figure 2.2.4 shows the field lines of the total Poynting vector (shows the magnitude and
direction of energy flow in an electromagnetic field) around a small Al sphere illuminated by
light of energy 8.8 eV and 5 eV, respectively. The result is an absorption cross section 18 times
greater than the geometrical cross-section of the particle in the case of 8.8 eV, which is the
characteristic energy of the surface plasmon in aluminium.
A scattering efficiency, Qscat can also be defined as the ratio between the scattering and
geometric cross-section. This is a useful term which describes the contribution to cross-sections
related to the excitation of surface plasmons, and is frequently used throughout the thesis.
Qscat =
Csca
pir2
=
8
9
· r4 ·
(
2pi
λ
)4
·
∣∣∣∣ m − dm + 2d
∣∣∣∣2 (2.2.13)
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For example, by considering Ag nanoparticles deposited on a substrate having a Q ≈ 10 at
resonance, the substrate needs only to be covered with a 10% areal density to have the possibility
to fully absorb and scatter the incident light of that frequency [24].
Another popular term is the radiative efficiency Qrad, which is the scattering efficiency
divided by the total extinction. It is beneficial for understanding the relative significance of the
processes for e.g. certain particle sizes and at certain wavelengths.
From the strong dependance upon the radius of the particle, it seems like the scattering ef-
ficiency will increase with increasing particle size. This is indeed true for particles within a
certain order of size. Based on photocurrent measurements from metal islands of different sizes
on SOI (silicon-on-insulator) devices, a strong size-dependance was observed on the scattering
intensity of the particles [122]. Larger nanoparticles have larger polarizabilities and likewise
higher radiative efficiencies, both factors increasing the effective cross-section and thereby the
particle interaction with the incident light. For very small metallic particles, absorption domi-
nates the extinction processes in the material. As the particles grow larger, scattering processes
will prevail until it reaches a certain size where the external electric field is no longer able to
polarize the whole particle homogeneously. The result is the excitation of higher order plasmon
modes (quadrupole, octopole) and radiation damping which will consitute important corrections
to the quasi-static expressions given for the polarizability and cross-sections. For particles larger
than the wavelength, a large fraction of the light will be reflected rather than excite plasmons
[15]. Thus particles in this size region are outside the field of interest in this thesis.
2.2.4 Tuning the plasmon resonance
One big advantage of metal nanoparticles is that their optical properties depend strongly upon
the material, size and shape of the particles, which in turn makes it possible to tune the resonance
peak according to area of application. Apart from the characteristics of the single particles, the
environment in which the particles are dispersed is also of relevance to the optical properties.
The distance between neighbouring particles as well as the refractive index of the surrounding
medium has been shown to influence the spectral properties, as will be described below.
Choice of material
The first discussions on surface plasmon modes concerned colloidal silver and gold, but in the
more recent years many observations have been made on surface modes in various metals and
metal-like materials. As the surface plasmon resonance frequency in a particle mainly depends
on the density of free electrons in the particle, the resonance can be shifted by changing the
material. The SPR frequency red-shifts with decreasing free electrons density, leading to a SPR
in the UV region for aluminium (≈ 8.8eV) and silver (≈ 4eV) [15], whereas it is located in the
visible part of the spectrum for copper (≈ 2.1eV) and gold (≈ 2.5eV)[89]. Experiments that
have been done on making alloys of silver and gold show a linear dependence of the composition
on the SPR frequency and may be a convenient way of controlling the resonances in between
those of the pure materials [7, 75].
Figure 2.2.5 shows the dielectric constants of silver and gold. Spherical silver and aluminium
particles have intense surface plasmon absorption peaks because ′′ is small at the frequency at
which ′ = −2, whereas gold and copper are more absorbing because of much greater values of
′′ [15]. This behaviour can be seen for silver and gold in the figure for photon energies most
interesting for solar cell applications (1.12eV− ≈ 4eV ). As pointed out earlier, ′′, which is the
imaginary term of the dielectric function, is related to the absorption and hence the dissipation
of heat into the metal. Silver, due to its lower ′′-value and lower cost is thus a better choice than
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Figure 2.2.5: The dielectric permittivity of silver and gold, showing the real part (′m) with a red line and
the imaginary part (′′m) with a blue line. The width of the curves represents the instrumental error of the
measurements. [54]
gold, although possibly negative oxidation effects must be taken care of that are not present in
gold [89, 80]. As for copper it is cheaper than silver but the absorption is comparable to that of
gold (has a high value for ′′) and there is also a big concern regarding oxidation. Aluminium
being cheaper, more abundant and having a small dissipation of heat seems like an even better
alternative than silver for surface plasmon applications. Experiments have shown that nanodisks
of Al support strong, long-lived excitations of localized surface plasmons that have good possi-
bilities for tuning over the entire spectral range interesting for solar applications. However, an
interband transition at around 1.5eV related to the specific band structure of Al gives rise to an
enhanced instability of the LSPR at this frequency [18] and hence can be a problem regarding
the use of aluminium in solar cell applications.
Size and shape of the particles
The decrease of the particle sizes induce limitations to the mean free path of the electrons due
to the particle boundaries [65]. This will result in a sharpening of the absorption peak, and as
the particles grow larger they generally show a stronger resonance peak because of the increased
exctinction cross-section, but no significant shift of the resonance frequency is observed [10].
When the particles grow beyond a certain diameter depending on the dielectric properties of
the material, the resonance peak will broaden and shift to lower energies because of retarda-
tion effects and the excitation of higher order multipoles [15]. These multipole excitations are
observed as shoulders or distinct peaks in absorption spectra [57, 83, 94].
Experiments that have been done on nanosphere lithography with silver nanoparticles show
that the normalized exctinction can be tuned all the way from near UV, through the visible
spectrum and far into the IR region (4000nm) by varying the size and shape of the particles
[42, 51]. The red-shift and broadening of the absorption peak would generally be an advantage
for solar cell applications, since light trapping should happen over a large wavelength range and
most importantly at long wavelengths where silicon aborbs poorly. Even though an increase of
the particle size leads to a larger absolute scattering cross-section, it is in fact lowered when
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normalized by size [24].
Surface plasmons are unevenly distributed in non-spherical metallic nanoparticles and this
is clear from the the absorption spectra of such particles. Generally, different absorption bands
correspond to oscillations along axes of different scales in the particles, each having its own
polarizability. Besides spheres, silver nanoparticles have been synthesized in a wide variety of
shapes including cubes, oblates, prisms, ellipsoids, rods and wires to name a few [52, 125, 124,
46]. In the case of ellipsoids, going from spheres to needles as the extreme cases, the electric
polarizability for an incident field direction parallell to the principle axis is given as
α = V
m − d
d + L(m − d) (2.2.14)
where V is the volume of the ellipsoid (V = 4pi3 abc) and L is a geometrical factor that may take
any value from 0 to 1. As for spheres, the resonance occurs and a surface mode is excited when
the denominator of α vanishes. For ellipsoids this occurs when [15]
m = d
(
1− 1
L
)
(2.2.15)
and the surface plasmon frequency is given by [66]
ωsp = ωpL (2.2.16)
The number of distinct geometrical factors, L, depends on the number of principal axes in the
particle. In a sphere (a = b = c) there is only one, hence only one extinction peak is observed.
For spheroids (a = b 6= c) and ellipsoids (a 6= b 6= c) there are two and three distinct peaks,
respectively, related to the number of different axes. Knowing that a deviation from a spherical
shape will lower the value of the geometrical factor, the red-shift of the resonance frequency
is clearly evident from equation 2.2.16 [15]. Similarily, metallic nanorods will give rise to a
splitting of the plasmon resonance corresponding to electron oscillations along the major and
minor axis of the rod. As the aspect ratio of the nanorods increases, the separation of the two
resonance peaks will be more pronounced [45].
Effect of dielectric environment
As seen in the equations for the plasmon resonance and the polarizability of a metallic particle
(equations 2.2.4 and 2.2.7), the dielectric constant of the surrounding medium plays a big role.
An increase of the dielectric constant will lower the surface plasmon frequency and hence red-
shift the resonance [135, 81, 83, 94, 10]. The plasmon peak of a particle in vacuum (d = 1)
will accordingly get redshifted when placed on a substrate and even get further redshifted by
fully embedding it in a medium of higher dielectric constant. Remembering that the dielectric
constant is simply the square of the (complex) refractive index, relevant work has been done
that clearly shows the linear relationship between the refractive index of an underlying substrate
and the surface plasmon resonance peak [79]. Modeling done in connection with the same work
also shows the redshifting of the peak as a silver nanoparticle gradually sinks into a substrate
of muscovite mica (n = 1.6). To simplify, the permittivity of the surrounding medium can be
taken as the average of the substrate and the external medium, written as d = (sub + ext)/2
[135]. All in all, fully or partially changing the dielectric surroundings of metallic nanoparticles
may enhance the tunability of the surface plasmon resonance wavelength significantly [10]. In
fact, experiments have shown that introducing underlying substrates and overcoating mediums
of different dielectric properties and thicknesses to silver islands, give rise to a wide tunable
Jack Bonsak, 2010
38 Chapter 2. Background
wavelength range of 506-1310 nm [135]. A study done on coating identical nanoparticles with
an oxide overcoating, shows that the localized surface plasmon frequency can be shifted 4nm
per nm thickness of the oxide [51].
Metal shell particles In the case of spherical core-shell particles composed of a dielectric
core and a metal shell, plasmon modes can be excited on both the inner and outer surface of
the metal shell. The plasmon resonances of these nanoshells are sensitive to the inner and outer
radius of the metallic shell. Because of the finite thickness of the shell layer, the plasmons on
each interface interact with each other depending on the thickness of the shell and the finite
penetration depth of the exciting light. Coupling between these plasmon modes gives rise to a
splitting of the plasmon resonances into two new resonances: one at lower energy, according
to the symmetric polarization of the inner and outer surface, and one mode at higher energy
related to the inner and outer surfaces being oppositely polarized [102]. The symmetric mode
has a large net dipole moment and can interact strongly with incident electromagnetic radiation
in the optical regime; the antisymmetric mode however, does not couple strongly and hence is
not observed in the optical spectrum. The result of introducing a dielectric core to the bulk metal
particles is a red-shift of the plasmon resonance and a further redshifting as the thickness of
the metallic shell-layer is reduced [94]. The plasmon frequency can thus be tuned over a large
wavelength range by changing the ratio between the inner and outer radius of the shell [91].
2.2.5 Coupling of LSPs into waveguides
Localized surface plasmons on metallic nanoparticles have been shown to be efficient at cou-
pling light into or out of silicon waveguides [121, 25, 96]. Experiments with metal film islands
on SOI devices (see section 2.1.4) shows peaks in the photocurrent enhancement spectrum at
wavelengths far from the surface plasmon resonance [121]. This indicates that the scattered
light is coupled into modes in the underlying waveguide. To explain this effect, Stuart and Hall
point out the increased dipole-dipole interaction mediated by waveguide modes. Work done
by Catchpole and Pillai shows similar results, but instead, their model treats the particles as
non-interacting, ideal dipoles [21, 25]. Their interpretation suggests that the scattering cross
sections of the individual nanoparticles are increased strongly by the interaction with a waveg-
uide, resulting in the observed photocurrent enhancement spectra. The basics of the process is
described as follows: Incident light excites dipolar surface plasmons on the metal nanoparticles
as described in section 2.2.1. The excited nanoparticles then emit in multiple directions, but due
to the relatively high refractive index of Si, the vast majority of the re-radiated light goes into the
silicon waveguide. Radiation in these guided modes can yet couple back to the plasmon modes
in a reverse process. The SOI structure has a very thin active layer of silicon which supports
only a few waveguide modes, thus by the principle of reciprocity of light, the scattering cross
sections for this light to excite metal nanoparticles must be very high [21]. The vast majority of
the light coupled back to the nanoparticles is thus re-radiated into trapped modes in the silicon
waveguide, propagating in all directions parallell to the waveguide surface.
SOI-based solar cells prepared with silver islands show up to 16-fold enhancement in the
photocurrent at certain wavelengths and a 33% increase in the total current of the device [95].
Similar experiments done on 300µm thick, planar PERL-cells show similar enhancements at
wavelengths close to the bandgap of silicon. A comparison of the effect of the deposited
nanoparticles on plain surfaces versus conventional surface texturing is however, not available.
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Effect of the bare particle resonance frequency
As described in the previous section the surface plasmon resonance is tunable over a wide range
of wavelengths by variations in size, shape, dielectric environment, etc. More important when
dealing with photovoltaic applications is how the LSPR frequency determines the properties
when in the presence of a substrate or waveguide. Figure 2.2.6(a) and (b) show transmittance
and photocurrent enhancement for different metal nanoparticles on a glass and an SOI substrate,
respectively. In figure 2.2.6(c) and (d), a similar measurement is done, but this time with silver
islands of varying diameter. Both experiments show that the particles deposited on glass clearly
transmit differently in accordance to the varying SPR frequency of the different metals and
particle sizes. However, the photocurrent measurements for the same particles on top of an SOI
substrate show a number of resonance peaks with only slight changes in the peak positions. Since
the radiation in the guided modes are coupled back to the waveguide by the metal nanoparticles
several times, the different peaks seen in the spectra can be attributed to the enhanced absorption
at the wavelengths supported by the waveguide [121, 123]. Accordingly, several resonance
peaks are observed for the metal particle-waveguide system. Nor changing the type of metal
or altering the particle sizes seem to shift the photocurrent enhancement peak noticeably, but
the magnitude of the enhancement increases in both cases when the bare particle resonance
is shifted towards longer wavelengths. The reason for this is, according to Stuart and Hall,
that the particles that exhibit the greatest enhancements have bare island resonances that lie the
closest to the resonance of the island-waveguide system. Furthermore, the spectra show the
greatest enhancement at longer wavelengths, an effect which most probably can be assigned the
increased potential for absorption in this region for Si.
Changing the dielectric environment
The scattering properties of the particles alone are not sufficient to explain the enhancements
seen from the devices. Both variations in the spacer layer between the particles and the waveg-
uide, and the waveguiding properties of the active semiconductor region affects the particle-
waveguide coupling.
Waveguide width The width of the waveguide determines the number of modes that can be
supported by the waveguide. This is clearly observed in referances [123, 96, 95] where the
active silicon regions in the SOI devices are 95, 160 and 1250 nm thick, respectively. The latter
shows a lot more peaks in the photocurrent enhancement plots than the first two, supporting the
suggestion of trapped radiation modes in the waveguide being responsible for the enhancement.
As the waveguide width approaches that of a wafer based cell the big number of supported modes
will make the enhancement appear only as one large peak. In [95], this can be observed for 300
µm wafers resulting in a large continuous enhancement at the longer wavelengths, though the
effect at the shorter wavelengths can not be seen due to the large absorption of higher energy
photons for thick cells.
Substrate refractive index As seen in the previous section, changing the LSP resonance
wavelength of the bare nanoparticles evidently does not cause significant shift of the enhance-
ments peaks for the coupled nanoparticle-waveguide system. Instead, there is a change in the
magnitude of the enhancement for varying resonances. As discussed in section 2.2.4, a way of
shifting the resonance frequency of the nanoparticles is by altering the dielectric environment in
which the particles are situated. Experiments show that by varying the refractive index of the
underlying dielectric layer, the enhancement peaks of the nanoparticle-waveguide system can in
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Figure 2.2.6: (a) Transmission spectra of Ag island films on a glass plate covered with 30 nm of LiF. (b)
Enhancements in the photocurrent of an SOI device with the metal islands. (c) Transmission spectra of Ag
island films of varying thickness on a LiF-coated glass substrate. (d) Photocurrent enhancements in an
SOI photodetector caused by Ag particles of different sizes. [121, 123].
fact be shifted, even though this is somewhat in contradiction to what was seen for altered bare
particle resonances [96]. By undercoating the nanoparticles with SiO2, Si3N4 and TiO2 (listed
in the order of increasing refractive indices), the quantum efficiency enhancement was tuned
towards longer wavelengths for the latter coatings [10, 12], see figure 2.2.7. This behaviour
indicates that the waveguiding properties itself is affected by the dielectric coating, and hence
also the resonance of the coupled metal particle-waveguide system. This way the enhancement
can be tuned, as opposed to changing the type of metal or particle sizes which only will affect
the bare particle resonance.
Spacer layer thickness The efficiency of the surface plasmon absorption enhancement de-
pends on coupling between the surface plasmons on the nanoparticles and the active silicon
substrate. This is strongly dependant upon the thickness of the passivating spacer layer, or ARC
in the case of solar cells. Due to its evanescent nature, the surface plasmon field decreases
rapidly with distance from the nanoparticle surface, thus the spacer layer has a maximum thick-
ness above which it will supress the coupling between the surface plasmons and the silicon
[122, 3]. Thus, taking absorption and reflection caused by the nanoparticles into account, an
overall negative contribution from the surface plasmons can be possible for sufficiently thick
spacer layers.
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Figure 2.2.7: Measured EQE of 100 µm thick, crystalline Si, bifacial solar cells, with Ag nanoparticles on
the front (dashed-dot line) and the rear (solid line). A dielectric layer structure consisting of SiO2 and Si3N4
(etched off for sample (a)) was coated with a (a) SiO2, (b) Si3N4 and a (c) TiO2 top layer. The reference
QE without the particles are shown with dashed lines for each sample. [12]
The effect of particle density
In the previous sections the individual properties of metal nanoparticles determining the reso-
nance frequency have been examinated, but when viewed in the proximity of other particles,
coupling effects must be taken into account. The reduction of the interparticle distance is known
to red-shift the resonance frequency from that of the individual particle [94]. This can be ex-
plained by the restoring forces of the plasma electrons being weakened/enhanced by the pres-
ence of the charge distribution of the neighbouring particle [104]. Experiments have shown that
the red-shift will commence noticeably when the spacing is decreased to 2.5 times the particle
diameter and increase exponentially when the particles are brought closer together [41].
2.2.6 Utilizing surface plasmons in solar cells
Surface plasmon effects offer a range of exciting possibilities for photovoltaics. In addition to
increasing the absorption in thin films, by utilization of the reverse process, increased emission
from thin films has been reported with the potential of increasing the efficiency of LEDs [8,
22, 96]. Surface plasmons also raise the possibility of absorbing photons that are normally
lost by transmission using the concept of up-conversion. It is the giant local field created by
the excitation of surface plasmons that is responsible for this possible frequency conversion
for photovoltaics [127, 22]. Also, utilizing surface plasmons in textured emitters have been
proposed as a way of increasing the efficiency of thermophotovoltaic systems. This way the
waste radiant heat, which is mostly emitted by sub-bandgap radiation, can be trapped more
efficiently inside the system before they can be converted into electricity [22].
Using light of a certain frequency may excite surface plasmons on metal nanoparticles which
in turn scatters the light into the underlying substrate. This emitted light will travel along a longer
path within the semiconductor or even be bound to a guided mode (experience total internal
reflection), and hence the possibility of absorption is increased in the relatively poor absorbing
silicon [22]. A principle schematic can be seen in figure 2.2.8.
The most popular way of looking at the situation is by considering a dipole located at an in-
terface between air and silicon. The dipole mode can emit light into angles that should normally
not be accessible when light goes from air into silicon. This can be related to the fact that light
scattered with high in-plane wavevectors are evanescent in air but can propagate in silicon [24].
Figure 2.2.9 shows the radiation patterns for a point dipole located at and above a surface
with index of refraction 3.5 together with that of a dipole in free space. It is clear that only
a tiny fraction of the light is radiated into the air while the vast majority (96%) goes into the
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Figure 2.2.8: A surface plasmon is excited on a metal nanoparticle by light of suitable frequency, which
then re-radiates the light into a trapped waveguide mode in the silicon [22].
silicon. This is in good agreement with experiments showing the effective energy transfer from
a dipole into a higher index substrate [119], and is related to the high density of optical modes
in a semiconductor compared to air [24]. As the dipole is placed at 60 nm above the same
surface, a smaller but still significant fraction of the light (84%) is radiatied into the silicon. The
radiation is also directed less horizontally in the substrate as the distance to the dipole increases,
as observed in the figure, possibly reducing the path that light travels inside the silicon. However,
as the same distance is increased, the effective cross-section decreases, leaving us with a trade-
off between increasing the cross-section and the fraction of light coupled into the silicon. It has
been shown theoretically that the particle shape is of crucial importance in determining the light
trapping efficiency, and for optimized shapes the path length in thin films were estimed to be
enhanced up to a factor of 30 [23].
Figure 2.2.9: Shows radiation patterns for a point dipole at a distance of 20 nm from a Si substrate (blue
dashed line), for the case of free space (black solid line) and for a point dipole 60 nm from the Si substrate
(red line) [24].
Metallic nanoparticles as back reflectors In the case of plasmonic light trapping, metallic
nanoparticles can also be deposited on the rear of solar cells as this have been found to increase
the reflectance back into the silicon [12]. This ensures short wavelength light to be absorbed in
the silicon before reaching the particles, rather than being lost as it tends to be dissipated as heat
in the metallic nanoparticles.
Plasmonic light trapping by different mechanisms The enhanced absorption in plasmonic
solar cells is usually ascribed the increased optical path length inside the wafer, caused by
the light being re-emitted in directions along the wafer after the interaction with small metal
nanoparticles [95]. It is possible however, that the electric field created in the immediate vicin-
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ity of the particles can excite electron-hole pairs without phonon assistance [60]. As opposed
to the former approach, this absorption mechanism is based on a direct generation where the
conservation of momentum is preserved through a transfer of momentum to the metal particle
instead of through phonons. However, as simulations have shown [73, 29], the near-field of the
particle resides outside of the semiconductor volume when the particles are deposited on top of
the surface. Hence, to get the biggest contribution from the direct carrier generation and to study
the effects more thoroughly, the particles should be fully embedded inside the active region of
the semiconductor, as shown in figure 2.2.10b. The direct absorption gives an extra contribution
to the indirectly generated electron-hole pairs. This effect may constitute important corrections
to the total absorption in plasmonic solar cells.
Figure 2.2.10: Different geometries for plasmonic light trapping in thin-film solar cells - (a) scattering
from metal nanoparticles into high angles in the semiconductor, causing increased optical path lengths in
the cell. (b) The near-field of the excitated metal nanoparticles causes the direct generation of electron-
hole pairs. (c) Excitation of surface plasmon polaritons at the metal/semiconductor interface ensures the
coupling of incident light to photonic modes propagating in the semiconductor layer plane. [6].
Increased absorption in thin film silicon solar cells
Conventional silicon solar cells achieve increased light absorption through upright or inverted
pyramids approximately 10µm in diameter etched into the surface. This sort of surface texturing
is not applicable for thin film devices, which may be down to a few µm thick. Nanostructured
texturing is an option, but this may cause severe surface recombination effects in many cases.
Another possibility is to deposit thin films of solar cells material on top of a substrate that already
has a wavelength-scale texture [82, 50]. Large photocurrent enhancements have been achieved
this way but the high surface recombination arising from rough semiconductor surfaces and
the low quality of the deposited material limits the potential severely. Thus, applying metal
nanoparticles on the surface may be a revolutionary method to trap light in thin film solar cells.
Work done by Pillai et. al. show that small metal particles enhance the spectral response
of thin-film SOI cells over almost the entire solar spectrum [95], as seen in figure 2.2.12a. The
particles were obtained by thermal evaporation of thin layers of silver followed by annealing to
form islands due to surface tension. The mass thicknesses of the layers were varied to obtain
particles of different sizes, as shown in SEM images in figure 2.2.11. For a mass thickness of
16 nm silver, a maximum enhancement factor of 16 is observed at the longer wavelengths with
a 16% increase in the total photocurrent of the device. The 12 nm mass thickness produced a
maximum enhancement factor of 13, but resulted in a 33% total increase in the photocurrent. As
seen in the figure, the enhancement is larger at the higher wavelengths for larger particles, but the
reduction is also higher at the lower wavelengths. As a consequence, the overall enhancement is
larger for the 12 nm mass thickness silver.
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Figure 2.2.11: SEM images showing silver nanoparticles corresponding to mass thicknesses of (a) 14
nm, (b) 16 nm, (c) 18 nm and (d) 27 nm of deposited silver. [95]
Figure 2.2.12: Spectra showing enhancements from particle depositions relative to substrates without par-
ticles. (a) Photocurrent enhancement from a 1.25 µm thick SOI solar cell with particle sizes corresponding
to different mass thicknesses of Ag. (b) Photocurrent enhancement from a 300 µm thick planar Si solar
cell with different mass thicknesses of Ag applied. (c) Absorptance enhancement from a double-sided
polished Si wafer with deposited silver of different mass thicknesses. (d) Total and diffuse reflectance plots
from double-sided polished Si wafers with a 30 nm top oxide layer. [95]
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Increased absorption in wafer based silicon solar cells
Wafer based solar cells also have a potential of increased light trapping, espescially at the
wavelengths close to the band gap of silicon. Figure 2.2.12c and (d) shows the absorptance
and reflectance plots from a double side polished wafer with deposited silver of varying mass
thicknesses, respectively. The photocurrent enhancement from a planar PERL cell [139] with
a 300µm thick substrate is shown in 2.2.12a. The same enhancements are seen at the longer
wavelengths for both the absorptance and the photocurrent, with a stronger enhancement for
increasing mass thicknesses of silver. An additional peak at around 350 nm is observed in
the absorption enhancement, whereas there is a drop in the same region for the photocurrent.
This is due to the strong absorption of silver at these wavelengths, which also can be seen in
figure 2.2.5a. Figure 2.2.12d shows how the reflectance is reduced over almost the whole wave-
length range after the deposition of the silver. The nanoparticles act similar to an antireflection
layer at the visible wavelengths, while light trapping effects dominates at the region close to the
bandgap of silicon. Larger particles seem to trap light more effectively, indicated by the diffuse
reflectance measurements. This can be related to the scattering properties of the nanoparticles,
which are stronger for larger-sized particles of silver.
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2.3 Metallic nanoparticles
Metal nanoparticles are very attractive because of their size- and shape-dependent properties.
Especially spectacular are the optical properties of such particles, which have promoted great
interest during the last few decades.
2.3.1 Terminology
Following the increased focus on nanotechnology and materials in the nanosized area, many new
terms have been taken in use. Below is a short list of the most frequently employed nano-related
expressions in this work.
A nanoparticle has dimensions in the nanometer range, e.g. between 1 and 500 nm. If not
all dimensions are in the nanometer scale the material is often referred to as nanostructured or
nanoscaled; e.g. thin-films and thin wires, having one and two dimensions in the nanometer
area, respectively.
A nanocrystal is a solid material that is singlecrystalline and with at least one dimension in
the nanometer size range.
Colloids are not to be mistaken with chemical solutions. While the latter contains com-
pletely dissolved particles with sizes typically below the nanometer scale, colloidal particles are
still small enough to be dispersed uniformily and maintain a homogenous appearance but also
large enough to scatter light and not dissolve. These particles are in a state of constant random
movement called Brownian motion due to collisions with the surrounding medium. Repulsive
electrostatic forces or steric effects keeps the particle in a suspension. Colloids may form from
any combination of liquid, solid or gas, except for gas and gas as these will dissolve in each
other. The dispersed medium is generally referred to as the solute while the medium in which
it is dispersed is called the solvent. Some common colloids are listed in table 2.3.1.
Solute Solvent Terms and examples
Liquid Gas Aerosols: fog, hair spray
Solid Gas Aerosols: smoke
Solid Liquid Sols: colloidal silver, blood
Solid Solid ’Sol’: Lycurgus cup
Liquid Solid Gels: gelatin,jelly
Gas Liquid Foams: whipped cream
Liquid Liquid Emulsions: mayonnaise, milk
Table 2.3.1: Types of colloids
2.3.2 Noble metal colloids
Nucleation and growth
Metal atoms can be the product of reduction reactions in homogeneous solutions, and once
generated they are essentially insoluble in the liquid. As a consequence, slow aggregation leads
to clustering of atoms into what are known as embryos:
xMe0 ↔ (Me0x)em (2.3.1)
At this point, the embryos are still involved in a continuous dissociation-condensation pro-
cess where they probably either dissociate or grow into larger clusters. Clusters containing a
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number of atoms corresponding to the "magic numbers" (described in section 2.3.2) are more
likely to become stable. As new atoms are introduced in the system, the embryos reach a critical
size and separate from the solution as solid particles called nuclei (equation 2.3.2). Through
further addition of atoms these grow to primary (nanosized) particles (equation 2.3.3).
(Me0x)em + yMe
0 → (Me0x+y)nucl (2.3.2)
(Me0n)nucl +mMe
0 → (Me0n+m)pp (2.3.3)
Because these primary particles represent a system of large free energy, they are unstable
and may grow by further atom diffusion (equation 2.3.4) or by aggregation (equation 2.3.5) to
form the final metal particles.
(Me0pp)pp + nMe
0 → (Me0)p (2.3.4)
m(Me0)pp → (Me0)p (2.3.5)
Both mechanisms may occur simultaneously in the same system but the structure, shape and
size of the final particles depend on which mechanism that prevails. While the metal crystals
formed by the growth mechanism usually have facets and edges and a low number of irregulari-
ties and defects, the aggregation mechanism favors the production spherical particles with lower
density and a higher amount of internal grain boundaries [35].
To make stable dispersion of metal nanoparticles, the aggregation process must be prevented
at an early stage of the particle formation. This can be achieved by e.g. electrostatic or steric
stabilization (see section 2.3.2).
The final size of the particles depends on the supersaturation, i.e. the fraction of solute
species involved in the nucleation step relative to the total amount of metal in the system, and
on the degree of aggregation. High supersaturation will result in a large number of nuclei and a
major consumption of the metal atoms in the system. If aggregation is prevented in this situation,
further increase in size will occur by incorporation of the remaining metal species in the solution
and result in particles in the nanosize range. If only a small number of nuclei are generated,
on the other hand, the result is more likely to be larger particles (approaching the micrometer
range). These nuclei subsequently grow by integration of the remaining metal species, which
now exist in a high number in the solution. While the smaller particles generally are the result
of the reduction of uncomplexed metal compounds with strong reducing agents, larger particles
is often achieved by slow reactions, slow or gradual addition of metal species in the system, or
by the adding of seeds [35].
Magic numbers
Usually the crystal structure of a large nanocluster is the same as the bulk structure of the ma-
terial, with somewhat different lattice parameters (in general clusters are slightly contracted as
compared to bulk). Most metals, including silver, have the closed-packed FCC (face-centered
cubic) crystal structure, where each atom is surrounded by 12 other atoms. Theoretically, this
13-atom configuration represents the smallest possible nanoparticle construction with an FCC
lattice [99]. The FCC lattice and its cuboctahedron representation can be seen in figure 2.3.2.
Another layer of 42 atoms can be put around the 13-atom nanoparticle in figure 2.3.2. This
way, a 55-atom particle with the same polyhedron shape is obtained. When adding more and
more layers, the number of atoms in the resulting particles are as follows: 1, 13, 55, 147, 309,
561, ... These are called the structural magic numbers. The total number of atoms N in this
FCC nanoparticle can be calculated by the following formula for a given number of layers n:
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N =
1
3
[
10n3 − 15n2 + 11n− 3] (2.3.6)
and the number of atoms on the surface Nsurf is given by
Nsurf = 10n2 − 20n+ 11n+ 12 (2.3.7)
The diameter of each nanoparticle is given by the expression (2n − 1)d, where d is the
distance between the centers of the nearest-neighbor atoms, and d = α/
√
2, where α is the
lattice constant. Table 2.3.2 lists the structural magic numbers by the number of atomic layers
in metallic nanoparticles with an FCC structure. Also shown is the calculated number of surface
atoms and the diameter D of the respective particles made up from silver atoms (for which
d = 0, 376nm).
Shell Diameter Ag particle D Total atoms Surface atoms % Surf atoms
1 1d 0,38 1 1 100
2 3d 1,13 13 12 92,3
3 5d 1,88 55 42 76,4
4 7d 2,63 147 92 62,6
5 9d 3,38 309 162 52,4
6 11d 4,14 561 252 44,9
7 13d 4,89 923 362 39,2
8 15d 5,64 1415 492 34,8
9 17d 6,39 2057 642 31,2
10 19d 7,14 2869 812 28,3
25 49d 18,42 4, 9 · 104 5, 76 · 103 11,7
50 99d 37,22 4, 04 · 105 2, 40 · 104 5,9
100 199d 74,82 3, 28 · 106 9, 80 · 104 3,0
Table 2.3.2: Number of atoms on the surface and in total for FCC-structured silver nanoparticles together
with an estimate of the particle size.
The magic numbers described here are based on structural calculations arising from maxi-
mizing the density-to-volume ratio, thereby approximizing spherical shape and the dense-packed
structure of a bulk solid. This model takes no account of the electronic configurations in the con-
stituent atoms however, and thus will not be adequate for representing very small particles [64].
It is clear that very small particles have a big fraction of their atoms located on the surface.
This has a very big influence on the properties of the particles, e.g. giving an increase in both re-
activity and vapor pressure for decreasing particle sizes [99]. Figure 2.3.1 shows the percentage
of surface atoms as a function of the diameter of spherical silver nanoparticles as calculated by
equations 2.3.6 and 2.3.7. From this simplified model it can be seen that there is a very high per-
centage of the atoms situated on the surface for silver particles 10 nm in diameter and less. The
nanoparticles will in this case have a large amount of unsaturated bonds and hence a very high
surface energy. This can be directly related to the chemical reactivity, which have been shown
to increase sharply for particles smaller than 10 nm [72]. Oxidation effects can thus be great
threats for the stability of nanoparticles in this size regime, even for noble metals like silver.
Colloid stability
A crucial aspect of colloid chemistry is the means by which the metal particles are stabilized in
the dispersing medium, since small metal particles are unstable with respect to agglomeration
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Figure 2.3.1: The percentage of atoms located on the surface of a spherical silver particle as a function
of the diameter of the particle.
Figure 2.3.2: (a) FCC unit cell, (b) 13-atom nanoparticle set in its FCC unit cell, showing the shape of
14-sided polyhedron associated with the nanocluster, (c) closed-packed cuboctahedron cluster.
to the bulk. At short interparticles distances, two particles would be attracted to each other by
van der Waals forces varying as the inverse sixth power of the distance between the particle
surfaces. Without the aid of any counteracting repulsive forces, a sol would coagulate. There
are in general two methods for achieving counteraction, electrostatic and steric stabilization.
In the case of the reduction of silver nitrate by sodium borohydride, the formed colloidal
silver particles are surrounded by an electric double layer arising from the adsorbed borohydride
ions and the cations which are attracted to them (an excess of sodium borohydride is essential
for proper particle stabilization). This results in a Coulombic repulsion between the particles
which decays exponentially with increasing interparticle distance. The weak minimum in the
diagram corresponds to the most stable arrangement of the two particles which can easily be
disrupted by medium effects or thermal motion of the particles. Thus, if the electric potential
associated with the electrostatic repulsion of the double layer is sufficiently high, agglomeration
is prevented [110]. If too much sodium borohydride is added however, the overall ionic strength
of the sol will increase, leading to a compressed double layer and a shortened range of the
repulsion. Ultimately the sol coagulates as the particles can no longer be kept apart. The addition
of electrolytes such as NaCl can also induce aggregation as the salt will shield the charges that
provide for the repulsion between the particles.
The second way of preventing colloidal particles from aggregating is by the adsorption of
large molecules, also known as steric stabilization. These adsorbed particles, such as polymers
or surfactants, provides a protective layer preventing the metal particles from approaching. There
are mainly two effects responsible for steric stabilization. By the entropic effect, the approach
of two particles is restriced due to the low configurational freedom of the polymer chains re-
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sulting in a lowering of the entropy. Due to a rise in the local concentration of polymer chains
between two approaching particles, equilibrium is reestablished by an osmotic repulsion leading
to separation of the particles. This is what is known as the osmotic effect [110].
Figure 2.3.3: Illustration of sterically and electrostatically stabilized nanoparticles [48].
2.3.3 Fabrication methods
The interesting properties of metal nanoparticles have been known for more than a century now,
but the recent development in nano-fabrication techniques and lithography have expanded the
interest to a wide range of applications over the last years. Below is an introduction to the most
widely employed techniques to fabricate metal nanostructures, with a focus on silver.
Chemical synthesis
Wet chemical synthesis The "bottom-up" method of wet chemical nanoparticle preparation
is based on the reduction of metal salts, electrochemical pathways or controlled decomposition
of metastable organometallic compounds [14]. Chemical reduction methods to produce silver
nanoparticles vary in the choice of silver precursor, the reducing agent and their relative quan-
tities and concentrations, the temperature, mixing rate, duration of reaction, etc. By the use of
different reagents and conditions for the synthesis large variations in the particle shape, size and
size distributions may be expected. As for the source of silver, several salts have shown to be
applicable (e.g. [74, 4]) but silver nitrate is by far the most adopted. Table 2.3.3 lists the most
commonly used reducing agents for fabricating silver nanoparticles from silver salts together
with the conditions for the synthesis. It has been shown that stronger reducing agents produce
smaller nuclei in the "seed" [14]. However, it is possible to obtain comparable reaction rates
and particle sizes by adjusting the temperatures for the reactions. This will however, lead to
differences in the internal crystal structure and thus the degree of crystallinity [35].
The borohydride method The relatively high reactivity of borohydride (as compared to
e.g. citrate and carbohydrates), its handiness (as compared to e.g. gaseous hydrogen and phys-
ical methods) and nontoxicity (as compared to e.g. hydrazine and hydroxylamine) makes the
borohydride reduction the most widely used technique to prepare silver nanoparticles [67]. In
nearly all studies on the borohydride reduction of silver nitrate, the colloidal silver is described
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Reducing agent Conditions Rate
Organic acids, alcohols, polyols ≥ 70◦C Slow
Aldehydes, sugars <50◦C Moderate
Citrate >70◦C Moderate
Hydrazine, H2SO3, H3PO2 Ambient Fast
NaBH4, boranes, hydrated e− Ambient Very fast
Table 2.3.3: List of the most common reducing agents and the recation conditions in the precipitation of
silver nanoparticles from uncomplexed silver salts [35].
as bright yellowish, having a plasmon absorbance peak at around 400 nm and with particle di-
ameters ranging from just a few nanometers to around 15 nm with varying size distributions
[120, 86, 67].
The citrate synthesis (the Turkevich method) Having its name from the sodium citrate
reduction of chloroauric acid to give colloidal gold performed by John Turkevich et. al. in 1951
[129], it has later been adopted for the preparation of silver nanoparticles. Since sodium citrate
is a weak reducing compound compared to sodium borohydride, high temperatures are often
needed to conduct these syntheses.
Physcial metal deposition
Metal thermal deposition is a well-known technique to fabricate metal nanoparticles for photo-
voltaic applications [95, 11]. In a thermal evaporation and annealing process, a thin metal layer
is first deposited on top of a substrate in a vacuum chamber. The samples are then annealed in an
inert atmosphere, inducing a rise in the surface tension that makes the metal coalesce together
to form arrays of nanostructures. By varying the mass thickness of the original metal layer and
the parameters for the annealing process, the size and shape of the metal islands can be altered
[97]. The particles resulting from this deposition method resembles oblate spheroids, having a
major axis oriented parallell to the substrate surface. Experiments have shown that as the mass
thickness of the metal layer increases, the flattening of the particles becomes more evident af-
ter the anneal and the particles look more elongated. According to the surface plasmon theory
discussed in section 2.2.4, a flattening of the metal nanoparticles will result in depolarisation
effects which tend to red-shift the plasmon resonance. This is indeed also what is observed in
the experiments [97].
A similar approach used in the study of plasmonic solar cells involves the deposition of the
initial metal layer through a shadow mask using electron beam evaporation [126]. As for the
thermal evaporation, this also requires an additional annealing step to form the particles.
Sputtering, where a plasma is used to knock material from a target before it deposits on a
substrate, can also be used to fabricate thin films of metal. An important benefit for this method
is the possibility to work at low temperatures since no evaporation of the metal is needed [19].
Lithographic techniques
An optical nanolithographic system involves the use of standard photolithographic elements - a
set of masks, an energy source and a medium (resist) [19]. Depending on the area of applica-
tion, various exposure sources can be used. UV lithography (UVL) is popular but has severe
limitations in feature size due to the diffraction limit of λ/2. Electron beam lithography (EBL)
offers future sizes down to 1-2 nm but is limited by very high cost and low throughput. Arrays of
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aligned, elliptical gold disks have been fabricated on dye sensitized solar cells by EBL to inves-
tigate the enhanced charge carrier generation by nanoparticle plasmons [43]. Another option is
to use x-ray lithography (XRL) which does provide high throughput but is also very expensive.
Nanostructures can also be prepared by the use of templates for masking. These templates
may consist of e.g. polystyrene nanospheres in an ordered array on top of a substrate in be-
tween which the metal is deposited. The spheres are subsequently removed leaving behind metal
nanostructures on the substrate surface. A principle shematic of the two lithograpy techniques
is shown in figure 2.3.4.
Figure 2.3.4: A schematic of the fabrication of metal nanoparticle fabrication by (a) optical lithography and
(b) natural or nanosphere lithography. [97].
Chapter 3
Experimental
The experimental part of this thesis is introduced by describing the silicon based solar cell
processing at IFE. This is followed by the work done on the synthesis of silver nanoparticles. The
application of silver nanoparticles on to silicon solar cells is then described before presenting
the instruments used for the characterization of the cells. The last part of this chapter involves
a theoretical examination of the extinction of light by metallic nanoparticles. The modeling is
performed using the Mie theory as described introductorily.
3.1 Si solar cell production at IFE
1. Damage removal and texturing At room temperature, silicon wafers react with oxygen
in air to form a thin layer of SiO2 (usually up to 25Å [19]). Since such a layer repeatedly
forms during the solar cell process, it must frequently be removed by a short dip in a di-
lute hydrofluoric acid (HF) solution shortly before new processing steps. Having properly
removed the oxide layer, the next step involves removing the damaged and contaminated
surface layer introduced during sawing. For monocrystalline silicon wafers, this is com-
monly carried out by the use of an alkaline etch like potassium hydroxide (KOH). KOH
is also what is known as an anisotropic etch, meaning it attacks silicon preferentially in
specific planes, producing a characteristic pyramidal shape with sidewalls forming a 54.7◦
angle with the surface. This is advantageous since the outcome is a textured surface cov-
ered with small pyramids enhancing light trapping. In the case of multicrystalline silicon
wafers, the pyramid surface structure is produced by acidic texturing with a CP5-solution
containing HF, HNO3 and CH3COOH in the ratio 1:5:2.5, respectively.
2. Emitter diffusion and edge isolation To complete the pn-junction, the wafers are intro-
duced to a chamber where phosphorus from POCl3 gas first is deposited on the p-type
wafers, before an annealing process completes the drive-in diffusion of the phosphorus
into the silicon.
3. Deposition of antireflection coating To further reduce reflectivity, an antireflection coat-
ing is deposited on the wafer surface. The IFE baseline process involves deposition of sil-
icon nitride by the use of silane and ammonia gas at 375◦C for 3:15 minutes in a plasma
enhanced chemical vapor deposition (PECVD) chamber. The result is an ARC with a
thickness of around 80 nm. The antireflection coating not only passivates the silicon sur-
face, but hydrogen from both silane and ammonia also has the benefit of diffusing into
the wafer, passivating various defects in the bulk silicon. Silicon nitride and oxide antire-
flection coatings of varying thicknesses have been deposited on planar monocrystalline
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silicon substrates at IFE. The reflection as a function of wavelength for a polished silicon
wafer with a native oxide and one with a deposited ≈80 nm ARC can be seen in figure
3.1.1.
4. Contact formation and firing To make contacts to the solar cell, screen printing is used
to apply an appropriate pattern of fingers and busbars onto the surface. To fire the contacts
through the insulating ARC, the cells recieve a short heat treatment at up to 900◦C using
a belt-driven furnace. Silver and aluminium are used for the front and back contacts,
respectively.
Since residues of the phosphorus diffuse into the sides of the wafer creating short-circuits
between the front and the back of the cell, an edge isolation is required. This is usually
performed by laser scribing, plasma- or wet etching.
5. Solar cell characterization To determine the properties of our newly acquired solar cell,
the solar simulator is used to point out the most important parameters of its solar energy
conversion. The setup consists of a lamp simulating the spectrum from the sun and a
current-voltage measurement unit. It constructs the I-V curve of the device, showing both
the short circuit current, open circuit voltage, fill factor, parasitic resistances and overall
cell efficiency. To understand more specifically how well the cell performs in different
stages of the energy conversion process, IFE possesses equipment like the semilab for
lifetime measurements, an ellipsometry setup for characterizing deposited thin films and a
setup for measuring the spectral response of the samples, to name a few. The instruments
most often used during the work of this thesis are explained in more detail in section 3.2.
Figure 3.1.1: Reflection as a function of incident light wavelength for planar wafers with a native oxide
(dotted line) and a ≈80 nm silicon nitride ARC (solid line).
3.2. Instrumentation 55
3.2 Instrumentation
3.2.1 Wafer preparation
For easier handling the 125 x 125 mm multicrystalline wafers were cut into four equal parts of
dimensions 50 x 50 mm by a laser. The monocrystalline substrates were circular with a diameter
of 100 mm each and could thus support only one 50 x 50 mm sample. Also, no large wafers or
solar cells are needed to conduct the experiments outlined by the work of this thesis. The laser
used to conduct the cutting is of type Power Line , made by Rofin.
3.2.2 Optical microscope
With an optical microscope, the wavelength of the visible light limits the smallest possible de-
tectable object to around 500 nm even for optimal systems. Optical microscopy is thus not
capable of detecting nanoparticles.
An optical microscope was used to get a quick first view of the samples both before and after
the deposition of silver nanoparticles. With the 500X and 1000X objective, it was possible to
examine the topography of textured silicon solar cells. After the dehydration of the sol on various
substrates, optical microscopy also provided with the possibility to investigate the distribution
of the particle depositings at a large scale.
Sample preparation No additional sample preparation was performed on the samples before
being introduced to the optical microscope.
3.2.3 SEM
The scanning electron microscope (SEM) is a powerful tool for the study of topography and
morphology, chemistry, in-situ experiments, etc. It has a very high depth of focus and is thus
suitable for studying rough surfaces. In brief, the SEM works by having an electron probe
scanned across the surface of the sample. As a result, electrons and x-rays are ejected off the
surface and collected by detectors that interpret the signal as a function of time. Resolutions
down to a few nm can be obtained when operated in a high resolution setup [40].
The equpiment used in the work of this thesis is a Hitachi model S-4800.
Sample preparation No sample preparation was performed for the SEM samples. However,
some difficulties encountered when looking at deposited colloidal silver on glas plates (and to
some extent silicon wafers) could possibly be avoided by making the samples more conductive
in advance to avoid charge accumulation.
3.2.4 TEM
In transmission electron microscopy, a beam of electrons is transmitted through an ultra thin
sample, constructing an image based on the interaction of the electrons with the specimen. Very
high resolution can be obtained due to the small de Broglie wavelength of electrons and certain
setups are able to detect down to below 0.1 nanometers [40]. To investigate the morphology
of the silver nanoparticles in this thesis, HRTEM analysis was performed by Annett Thøgersen
from the University of Oslo, using a 200keV JEOL 2010F microscope equipped with a Gatan
imaging filter and detector.
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Figure 3.2.1: Principle schematic of the scanning electron microscope (SEM) [40].
Figure 3.2.2: Principle schematic of the components and a basic description of the workings of a trans-
mission electron microscope (TEM).
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Sample preparation All samples investigated with TEM during the work of this thesis are
colloidal silver with water as the solvent. The liquid sols are deposited directly on a holy carbon
film with a copper grid, before being introduced to the sample chamber in the microscope.
3.2.5 AFM
An atomic force microscope (AFM) uses a cantilever with a probe in the nanometer size region
to scan the surface of a sample [40]. When the tip is brought near the surface, forces act between
the surface and the tip, making the cantilever bend. The bending is typically measured by a
laser spot reflected from the top of the cantilever into an array of detectors. The AFM can be
run in different ways, the tapping mode and the non-contact mode. In the former, the cantilever
oscillates at a high amplitude near its resonance frequency up and down, striking the surface
on each oscillation cycle. As the tip approaches the surface, the oscillation is disturbed and an
image is possible to produce out of the input force needed to maintain a set cantilever oscillation
amplitude. An advantage in this setup is that the sample is exposed to forces in the vertical
direction only, thus avoiding the sample to be pulled sideways by shear forces [86]. In the non-
contact mode, the cantilever is vibrated by a piezoelectric modulator with very small amplitude.
The van der Waals forces acting between the tip and the sample during the approach act upon the
cantilever and causes changes in the amplitude and phase which can be monitored and processed
to construct an image.
Figure 3.2.3: The interaction between the tip and the sample depends on the separation distance, and is
utilized differently for contact- and non-contact AFM. [2]
The resolution obtained by an AFM is largely determined by the size of the tip. Non-contact
mode usually offers the best resolution since the tip is very fragile and becomes easily blunt at
aggresive contact with the sample [40].
AFM imaging of the distribution of the nanoparticles on silicon substrates in this thesis
was done with a Digital Instruments Di-mension 3100 Scanning Probe Microscope operated in
tapping mode.
Sample preparation The samples examined with AFM during the work of this thesis were
silicon wafers or glass plates with colloidal silver applied. No additional sample preparation
was performed.
3.2.6 Spectrophotometry
A spectrophotometer is a device for measuring light intensity as a function of the wavelength of
the light. Figure 3.2.4 shows the setup and main components of such a device. For this thesis,
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the application is to measure the amount of light absorbed by the sols as this can provide useful
information on the colloids. The change in absorbance can show variations of the quantity of
absorbing species, i.e. silver nanoparticles in the liquid in our case. The width of the peak is
related to the particle size distribution, and the peak position can be used to determine particle
sizes [117]
The synthesized colloidal silver was studied by UV-Vis spectroscopy using a Cary100 UV-
Vis spectrophotometer from Varian.
Figure 3.2.4: Schematic of a standard spectrophotometry setup.
Sample preparation The colloidal silver was introduced to standard quartz cuvettes with 1
cm path and which contained approximately 3.5 ml, before measuring the optical absorption.
3.2.7 Solar simulator
The solar simulator is used to simulate the AM1.5 solar spectrum. It is used to test the stability
of the sols when irradiated by the spectrum for a period of time.
3.2.8 Spectral response
The spectral response setup at IFE was used to measure the spectroscopic reflectance R(λ)
and the external quantum efficiency EQE(λ) of the solar cell samples. Figure 3.2.5 shows a
schematic of the setup and its components.
For more details on the setup see reference [133].
The quantum efficiency (QE) and reflectance (R) of the solar cells were determined with a
spectral response unit measuring QE and R as functions of the incident light wavelength in a
region between 400 - 1150 nm. Lenses were used to focus the spot size to fit in between the
front contacts on the solar cells, and illuminated an area of approximately 2 x 2 mm.
Sample preparation No specific sample preparation was needed to perform the measure-
ments.
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Figure 3.2.5: A schematic of the spectral response setup used for measuring reflectance, R(λ) and quan-
tum efficiency, QE(λ). The setup includes the following units: a) halogen light source, b) monochromator,
c) chopper, d) focusing optics, e) mirror, f) sample holder, g) back- and front contacts, h) pre-amplifier, i)
lock-in amplifier, j) chopper controller and k) integrating sphere.
Reflectance measurement
By measuring the spectroscopic reflectance the fraction of incident light that is reflected off the
sample surface can be determined. As seen in figure 3.2.5 the sample is placed outside the slit
on the far right of the sphere. The reason for the 9◦ beam offset is to avoid the specular part
of the reflected light exiting the sphere from the port in which it entered. Calibration of the
setup is performed with a sample of known reflectance, usually a polished Si wafer or a diffuse
calibration standard. The reflectance of the sample is given by
RS(λ) =
SS(λ)RC(λ)
SC(λ)
(3.2.1)
where SS and SC are the sample and calibration measurement signals, respectively, and RC
is the reflectance of the calibration sample.
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EQE (external quantum efficiency) measurement
By measuring the external quantum efficiency it is possible to quantify the fraction of incident
photons providing to the current in the solar cell. In contrast to reflection measurements, the EQE
gives information about how the non-reflected light is utilized. This is an important consideration
for plasmonic solar cells as some of the light tends to be absorbed and lost to particle heating
at specific wavelength regions. The sample is usually placed in the position of the mirror (e) in
figure 3.2.5 or subsequent to the mirror depending on the focusing of the beam. It is important
that the beam is focused in between any of the metal fingers to avoid errors. Calibration is
performed with a diode of known quantum efficiency. The output signal is measured from two
contacts placed in connection with the metal on the front and the back of the cell. The EQE(λ)
can the be calculated from
EQE(λ) =
SS(λ)SRC(λ)
SC(λ)
hc
qλ
(3.2.2)
where SRC is the spectral response of the calibration diode, h is Planck’s constant, c is the speed
of light, q is the elementary charge and SS and SC have the same meanings as in equation 3.2.1
[133].
3.2.9 Experimental work sequence
Figure 3.2.6 shows a Block diagram of the experimental progress performed during the work of
this thesis.
Figure 3.2.6: Block diagram showing the sequence of the work done during the project.
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3.3 The chemical synthesis of silver nanoparticles
The focus of this project is the chemical synthesis and study of metallic nanoparticles for light
trapping applications in silicon solar cells. As for every aspect of the development of solar cells,
cost is of important consideration. Silver and gold are the most prominent materials for use in
plasmonic solar cells [24]. Among these, silver is not only the cheapest but it also holds several
benefits (c.f. section 2.2.4) over gold that makes it the material of choice for this work. Hence
silver nitrate, AgNO3, was chosen over tetrachloroaurate, HAuCl4, as the starting precursor for
the synthesis of silver- rather than gold nanoparticles, respectively, these being the two most
widely used precursors for making nanoparticles of the two metals [77].
Many chemical reduction methods have been used to synthesize silver nanoparticles from
silver salts [4, 136, 44, 58, 120]. Two main synthesis methods were adopted in the work of
this thesis to synthesize silver nanoparticles, namely the sodium borohydride and the trisodium
citrate reduction of silver nitrate. These were primarily chosen based on their possibilities to
produce particles of different size regimes [14] (also see section 2.3.3), but also because of their
synthesis simplicity, requiring simple laboratory setups and including few reactants which po-
tentially may cause negative effects when deposited on a solar cell. In addition, experiments with
variations in the stabilizer and solvent, the relative quantitives and concentrations of reagents,
temperature, mixing rate and duration of reactions are performed. The size and shape of the
obtained silver nanoparticles depend upon the conditions. Due to the extent of TEM investiga-
tions performed on the borohydride sols, a deeper investigation of the colloidal stability was also
possible to carry out on the synthesized nanoparticles from this method.
3.3.1 Chemicals
Silver nitrate (AgNO3, M = 169.87 g/mol) was bought from Qualigens Fine Chemicals; Trisodium
citrate (Na3C6H5O7·2H2O, M = 294.10 g/mol), NICE chemicals; Sodium borohydride (NaBH4,
M = 37.83 g/mol), Merck and Polyvinylpyrrolidone (PVP, M ≈ 360000 g/mol), from VWR.
3.3.2 Reduction of silver nitrate by sodium borohydride
One of the most popular methods to synthesize silver nanoparticles is by the use of ice-cold
sodium borohydride to reduce silver nitrate [31]. A large excess of sodium borohydride is
needed both to reduce the ionic silver and to stabilize the formed nanoparticles. The silver
nitrate reduction reaction can be written as [120]:
AgNO3 +NaBH4 → Ag + 12H2 +
1
2
B2H6 +NaNO3 (3.3.1)
According to literature, the expected particles sizes are in the region 7-15nm in diameter
[120, 86, 67]. The plasmon absorbance lies around 400nm with a peak width at half maximum
(PWHM) of 50-70 nm. The synthesis was performed under varying conditions to map relation-
ships between different synthesis parameters and the properties of the resulting nanoparticles.
Great care has been taken during the synthesis to obtain colloidal silver, especially when
dealing with a strong reductant such as sodium borohydride. Proper cleaning of laboratory
equipment in advance is crucial, and the silver nitrate solution must by no means be exposed to
the aqueous sodium borohydride except during controlled addition.
The borohydride synthesis was performed in several turns. Three main experiments are
listed in the following paragraphs in addition to one attempt to replace the water with ethanol.
The silver nanoparticles obtained in this synthesis method is frequently referred to as "boro-
hydride silver" throughout the thesis.
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Colloidal silver in water - Synthesis details All equipment was cleaned thoroughly by soak-
ing in ethanol or isopropanol and washed with distilled water. Only the sols listed in the follow-
ing tables were used in further characterization or experiments.
Reactions were done in a 250 mL reaction vessel. A given amount of aqueous silver nitrate
contained in a measuring cup was added dropwise to an aqueous solution of sodium borohydride,
using a handheld dropper. Both solutions were cooled down to a few degrees centigrade in an
icebath in advance. The solution was stirred vigorously on a magnetic stir plate throughout the
whole reaction (VWR magnetic stirring instrument, speed = 600). Different times of the addition
was tested and both stopping and continuing stirring after the addition was tried out for different
samples to study the effects.
Experiment 1 - Varying the precursor volume ratios 10.2 mg of AgNO3 (molar weight
= 169.87 g/mol) was dissolved in 100 mL deionized H2O to prepare a 0.6 mM aqueous silver
nitrate solution. Analogously, a 1.2 mM aqueous sodium borohydride solution was made by
adding 13.62 mg of NaBH4 (molar weight = 37,83 g/mol) to 300 mL of deionized water. The
compounds dissolved quite easily within 1 to 2 minutes even in the ice-cold water. The concen-
tration of the sodium borohydride solution was twice that of the aqueous silver nitrate to ensure
colloid stability, as suggested by Solomon et.al. [120]. An overview of the compositions and
durations of the experiment is specified in table 3.3.1.
Sol # AgNO3:NaBH4 ratio (mL) Adding time Post-addition stirring
1 7:25 2 mins 15 mins
2 7:25 2 mins 15 mins
3 2:25 2 mins 15 mins
4 3:25 2 mins 15 mins
5 10:25 2 mins 15 mins
6 69:172 immediate 17 mins
Table 3.3.1: Details for the reaction of silver nitrate with sodium boroydride, experiment 1. Remarks: the
reaction in sol #2 was carried out by the reverse addition; sol #6 was made out of the remains and the
addition was performed without the use of a dropper.
Experiment 2 - Employing a burette for drop frequency control For the next set of
samples, the synthesis was performed in the same way as for the first 6 sols, except for the re-
placement of the handheld dropper by a 50 mL burette for better control of the addition. The
burette was adjusted to the same speed for every sol synthesis (approximately 1 drop per sec-
ond). Also, stirring was stopped immediately after the addition of the silver nitrate solution was
completed for all samples. The experiment details for all samples are listed in table 3.3.2.
Experiment 3 - Further investigation of compositional variations and experiment du-
ration Again, the synthesis was performed with solutions of equal concentration as those of
the first experiments, cooled down with ice water. For the following samples, a wider range
of ratios between the silver nitrate and the sodium borohydride was tested to further study the
possible influence on particle sizes. The details for each sample can be seen in table 3.3.3. A
handheld dropper was used to execute the addition, and the drops were calculated to contain
approximately 0.03 mL with a frequency of just below 1.5 drops per second.
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Sol # AgNO3:NaBH4 ratio (mL) Adding time
13 2:25 3:15 mins
14 4:25 4:30 mins
15 6:25 5:45 mins
16 8:25 6:05 mins
17 10:25 8:50 mins
18 4:25 3:45 mins
19 4:25 1:50 mins
Table 3.3.2: Details for the reaction of silver nitrate with sodium boroydride using a burette in experiment
2. Remark: synthesis of sol #19 was performed using bubbling instead of stirring.
Sol # AgNO3:NaBH4 ratio (mL) Adding time Post-addition stirring
20 2:25 3:30 mins 1 min
21 4:25 3:15 mins 1 min
22 7:25 6:15 mins 1 min
23 10:25 8:10 mins 1 min
24 15:25 11:20 mins 1 min
25 25:25 17:15 mins 1 min
26 2:25 2 mins 5 sec
27 6:25 2 mins 5 sec
28 15:25 2 mins 5 sec
29 10:25 2 mins 5 mins
30 X:Y - -
Table 3.3.3: Details for the reaction of silver nitrate with sodium boroydride using a handheld dropper in
experiment 3. Remarks: 5 mL of deionized water was added to sol #29 immediately after the addition was
finished, followed by 5 minutes of stirring; sol #30 was made by immediate mixing of the leftovers.
Replacing water with ethanol Since the main area of application for the silver sols in this
thesis requires evaporation of the dispersing medium, there are important parameters to consider
to find the ideal medium. This includes e.g. both vapor pressure and thereby volatility and
its viscosity, but it must also have the important property of maintaing proper colloid stability.
Ethanol, both having a lower boiling temperature due to the reduced hydrogen-bonding oppor-
tunities and usually being easily available in most labs, stands out as one promising replacement
for water.
The synthesis with ethanol was carried out in the same way as for the synthesis with water.
The concentrations of silver nitrate and sodium borohydride were kept the same, and the volume
of the ethanol used was equivalent to that of the water in the previous experiments. The addition
of silver nitrate to the sodium borohydride solution was performed with a handheld pipette, and
both solutions were kept ice-cold throughout the synthesis. The rest of the details are listed in
table 3.3.4.
The stability of the borohydride sols
The ability of the sols to keep the silver nanoparticles stabilized and dispersed during a period
of storing and under varying storing conditions was investigated.
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Sol # AgNO3:NaBH4 ratio (mL) Adding time Post-addition stirring
7 2:25 2 mins 15 min
8 4:25 2 mins 15 min
9 7:25 2 mins 15 min
10 10:25 2 mins 15 min
11 4:25 13 mins -
12 70:180 - 1 min
Table 3.3.4: Details for the reaction of silver nitrate with sodium boroydride with ethanol as the dispersing
medium. A handheld pipette was used for the addition.
Stability experiment 1 - Exposing the sols to brief treatments The stability of the silver
nanoparticles was investigated by measuring the absorption spectra of samples 2A, 2B, 3A and
3B. These were all made in the sodium borohydride reduction synthesis experiment 1, with the
ratio being 10:25 in all of them. The first absorption spectra were taken a few days after the
synthesis. Meanwhile, the samples had been kept in transparent glass vials inside a cardboard
box at room temperature. The final optical measurements were done one month after the initial
measurements were performed. The storage temperature was 20-22◦C for all the sols.
• 2A - kept in the non-transparent box where the samples were initially placed after the
synthesis.
• 2B - the transparent vial with the sol was placed in a light part of the laboratory without
any shadowing surroundings.
• 3A - was heated in several turns. 1 - heated on a hotplate at 40◦C with a glass bulb around
for seven and a half hours. 2 - kept on a hotplate set to 50◦C for six hours. No visible
change was observed after treatment 1, but after the second treatment a slight darkening
of the sol was noticed.
• 3B - kept in room lighting and exposed to vigorous shaking in multiple turns throughout
the month.
Stability experiment 2 - Why do some of the sols obtain different colors? TEM was
used to investigate how different samples of colloidal silver changes with respect to particle size
and size distribution during a period of 1, 3 and 6 weeks. The samples were kept in plastic bags
inside a illuminated lab area which held a temperature between 20 to 24◦C. These are represented
in table 3.3.5 with the respective composition ratio, after how many weeks of possible light
exposure the TEM characterization is performed together with the color of the sample at the
time of investigation, see figure 3.3.1.
Stability experiment 3 - Investigating the influence of temperature During this experi-
ment, the effect of temperature on long time storing of the colloidal silver was investigated. Ag4
was kept in the refrigerator (9◦C) during the whole period of 4 months, while Ag5 and Ag6 were
kept at RT (24◦C) for 4 and 2 months, respectively. The samples are listed in table 3.3.6. Each
sample contained the ratios 2:25 and 7:25 kept separately.
Stability experiment 4 - The influence of AM1.5 irradiation Since the main purpose
of the nanoparticles ultimately involves the use in solar cells to scatter the incident radiation,
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Sample AgNO3:NaBH4 ratio (mL) TEM analysis after X weeks Color
jack4ny 4:25 1 blue
jack4 4:25 3 light orange
jack4g 4:25 6 orange
jack6 5:25 3 light orange
jack6g 5:25 6 red
jack25 25:25 1 no color
Table 3.3.5: Silver nanoparticle samples for stability investigations
Figure 3.3.1: The colors of the different samples
a relevant aspect will be how the silver nanoparticles react towards sunlight. The experiment
involved the deposition of colloidal silver on a copper grid before introducing it to the solar
simulator setup. A sol with a silver nitrate to sodium borohydride ratio of 2:25 was exposed
to the AM1.5 spectrum for a period of one hour in the experiment. TEM investigations of the
sample was performed the day before and the day after the AM1.5 exposure.
3.3.3 Reduction of silver nitrate by sodium citrate
Similar to the borohydride syntheses, the reduction with sodium citrate was performed in several
turns to investigate the influence of different synthesis conditions. Three main experiments are
listed in the following paragraphs, in addition to an experiment with the use of an additional
stabilizer.
The silver nanoparticles obtained by using this synthesis method is frequently referred to as
"citrate silver" throughout the thesis.
Sample Temperature Duration
Ag4 9◦C 4 months
Ag5 24◦C 4 months
Ag6 24◦C 2 months
Table 3.3.6: Sample details for the investigation of temperature-related effects on the stability of colloidal
silver.
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Experiment 1 - Preliminary syntheses Silver nitrate AgNO3 and trisodium citrate di-
hydrate Na3C6H5O7·2H2O of analytical grade purity were used as starting materials without
further purification. All solutions of reacting materials were prepared in distilled water. Silver
nanoparticles were prepared by citrate reduction of silver nitrate as adopted by [116, 117]. 90
mg of AgNO3 was dissolved in 500 mL deionized water to give a 1.06 mM silver nitrate solu-
tion. Additionally, a 1% (38 mM) trisodium citrate solution was prepared by dissolving 1 g of
Na3C6H5O7·2H2O in 100 mL of deionized water. The trisodium citrate was easily dissolved in
water at room temperature. In a typical experiment, a beaker containing 50 mL of the aqueous
silver nitrate was placed directly on top of a heater and heated up to boiling temperature. 10 ml
of trisodium citrate solution was then added dropwise to the solution using a handheld dropper.
Vigorous stirring and boiling of the solution was maintained during the whole process. Addition
of the 10 ml lasted for 4 minutes. Sample Ag-NaCi1 was collected after an additional 5 min-
utes of boiling, while Ag-NaCi2 and ’rest’ were separated from the boiling solution 15 and 45
minutes after the addition was finished, respectively.
Experiment 2 - Extending the synthesis conditions with controlled addition Nearly
identical solutions as in the first experiment were prepared as precursors. 84.9 mg of silver
nitrate dissolved in 500 mL H2O and 500 mg of trisodium citrate (3NaCi) in 50 mL H2O giving
concentrations of 1 mM and 38 mM, respectively. A 50 mL burette was used to control the
addition for all the samples. The details for the different samples is given in table 3.3.7. Different
times of addition and additional boiling was tried out to investigate the effect on stability and the
resulting nanoparticle characteristics.
Sol # AgNO3:3NaCi ratio (mL) Adding time Post-addition stirring
1 100:10 4:10 mins 5:20 mins
2 100:10 4:10 mins 7:20 mins
3 100:10 4:10 mins 11:20 mins
4 100:17 6:25 mins 6:05 mins
5 100:17 6:25 mins 8:35 mins
6 100:17 6:25 mins 13:35 mins
7 100:7 2:30 mins 5:20 mins
8 100:7 2:30 mins 7:20 mins
9 100:7 2:30 mins 11:20 mins
10 60:6 9:20 mins -
11 60:6 18:00 mins -
Table 3.3.7: Details for the reaction of trisodium citrate with silver nitrate using a burette.
Experiment 3 - Lowering the synthesis temperature Again, sodium citrate was used as
a reductant and stabilizer for the formation of silver nanoparticles from a silver nitrate precursor.
Whereas the ratio between the concentrations of the aqueous sodium citrate and the silver nitrate
solutions where up to 38:1 in the first experiments, a much smaller difference was tried out
this time. To prepare the precursors, 260 mg of AgNO3 was dissolved in 325 mL and 1.05
g of Na3C6H5O7·2H2O in 175 mL of distilled water. Consequently, the concentrations were
4.71 mM and 20 mM, respectively, giving a ratio of just above 4:1. To keep control of the
temperature of the solution, the reaction vessel was placed inside a bigger beaker containing
water and a thermometer as shown in figure 3.3.2. The solutions were measured by the following
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calculations:
0.26g AgNO3
169.87g/mol
· 1
0.325L
= 4.71 · 10−3M = 4.71mM (3.3.2)
1.05g NaCi
294.1g/mol
· 1
0.175L
= 0.02M = 20mM (3.3.3)
Figure 3.3.2: Schematic of the setup for experiment 3 of the citrate reduction of silver nitrate.
The addition of the sodium citrate was not started until the temperature stabilized at ≈80◦C.
Vigorous stirring was maintained throughout the whole synthesis. The burette was set to a drop
speed of approximately 1 drop of aqueous sodium citrate per second. The compositions and
synthesis durations for each of the samples are listed in table 3.3.8.
Sol # AgNO3:3NaCi ratio (mL) Total time
AgCi1 25:25 19 mins
AgCi2 25:25 10 mins
AgCi3 25:25 13 mins
AgCi4 25:25 20 mins
AgCi5 20:25 12 mins
AgCi6 20:25 15 mins
Table 3.3.8: Details for the reaction of trisodium citrate with silver nitrate using a burette, experiment 3.
Preparation of citrate silver in the presence of a stabilizer For the chemical synthesis
of silver nanoparticles, the choice of the reducing and stabilizing agent play a major role in
determining the size and size distribution of the particles. The reduction of silver nitrate has in
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the previous experiments been carried out by the use of sodium borohydride and trisodium citrate
to give nanoparticles of silver. The ionic remainders from the precursors after the reduction
reaction has also been used to stabilize the particles by providing a particle surface charge. In the
following experiment, a separate compound has been added to act as a stabilizer for the formed
nanoparticles. The chosen compound is polyvinylpyrrolidone (PVP), a well-known surfactant in
the synthesis of metallic nanoparticles, acting as a steric stabilizer (see section 2.3.2) or capping
agent to counteract agglomeration [93, 134]. The polyvinyl of PVP forms a hydrophobic domain
surrounding metal nanoparticles and protect them against agglomeration. Reducing silver ions
in the presence of PVP is shown produce silver nanoparticles that are stable in solution [58].
Again, trisodium citrate was chosen as the reductant and silver nitrate as the silver source
compound. The solutions were exactly the same as for the trisodium citrate reduction experiment
number three, and the synthesis was initiated in the same way. All samples was made out of
25 mL of both the silver nitrate- and trisodium citrate solutions. After the addition of the 25
mL of aqueous trisodium citrate, specific amounts of PVP was added to the mixtures. The
amounts were calculated according to the PVP:AgNO3 weight ratio, which has shown to play
an important role for the size and size distribution of the prepared nanoparticles [58]. The details
for each sample is shown in table 3.3.9.
The amount of silver nitrate (Mm = 169.87g/mol) in 25 mL is
0.025L · 4.71 · 10−3mol/L = 1.1775 · 10−4mol = 0.02g,
and the amount of PVP needed for the different weight ratios is given in table 3.3.9 together
with the experimental details.
Sol # AgNO3:3NaCi ratio (mL) PVP/AgNO3 (w) PVP Total time
AgCi7 25:25 25 0.5 g ≈10 mins
AgCi8 25:25 5 0.1 g ≈10 mins
AgCi9 25:25 10 0.2 g ≈10 mins
Table 3.3.9: Details for the trisodium citrate reduction of silver nitrate with PVP as a stabilizer.
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3.4 Deposition experiments
Different techniques were tried out for the deposition of the silver nanoparticles on to the sub-
strates. The target was to apply the colloidal nanoparticles evenly distributed on top of the
substrate and in an area sufficient for spectral response measurements to be conducted. The
following substrates were used for the deposition of colloidal silver nanoparticles:
• Glass plates - from Menzel-Gla¨zer, pre-cleaned 76 x 26 mm microscope slides with cut
edges.
• Monocrystalline silicon wafers - from Siltronix, double side polished, CZ processed p-
type (Boron) Si wafers. Resistance: 1-3 Ωcm, diameter 100mm and thickness between
275 - 325 µm.
• Silicon solar cells - Both mono- and multicrystalline silicon solar cells were made by the
standard IFE process. The substrates were boron doped Cz-Si and multicrystalline Si. The
Cz-Si wafers were 300 µm thick with resistivities from 1 - 3 Ωcm, the mc-Si wafers had
a thickness of around 180 µm with a resistivity between 1 - 10 Ωcm. After cleaning and
random pyramid texturization, a phosphorous diffusion (POCl3) formed the pn-junction.
The wafers were then coated with a 75-80 nm thick SiNx:H antireflection coating and cut
into 5x5 cm pieces before contacting.
3.4.1 Drop-on
The technique involves using a handheld pipette or a micropipette to simply apply droplets of sol
on to the substrate. The drops were calculated to contain approximately 0.03 mL. The substrate
is kept horizontal or inclined to make the droplets slowly pour off, leaving just a thin wet layer
on top of the substrate. The substrates are subsequently left to dry. The deposition was most
often performed 3 times and with a quick N2 flush in between the steps in some of the cases.
The N2 flush evidently removed some of the deposited sol from the substrate, making the need
for several consecutive applications necessary.
3.4.2 Dip coating
The dip coating is carried out by dipping the substrate into the sol followed by slowly pulling
the substrate back out. Both the pull rate, viscosity of the dispersing liquid, the size and ad-
hesion properties of the particles are expected to influence how the particles are deposited and
distributed on the substrate subsequently. Further experiments are performed after the substrate
is dry.
3.4.3 Slow sol draining
A 100mL cylindrical reaction vessel with a withdrawal valve from Lenz Laborglas was used
for the sol draining deposition experiment. The experimental setup is illustrated in figure 3.4.2.
By varying the sealing of the drainage opening in the vessel, the sol can run out and flow off
the substrate surface at a given speed. The experiment was performed with both mono- and
multicrystalline silicon solar cells and the substrate angle relative to the vertical was varied to
study the effects. Silver sols from the borohydride reduction experiment 1 (see section 3.3.2)
was used for the analysis.
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Figure 3.4.1: A thin film of sol is left on the substrate after being pulled out of the liquid. There are several
factors expected to influence the deposition, including the substrate pull rate and properties of the solvent
liquid and the dispersed particles.
Figure 3.4.2: The setup for the sol draining deposition experiment. The samples are placed vertically at
different angles inside the vessel filled with silver sol. To control the sol draining, the withdrawal valve is
used to adjust the sealing of the drainage opening.
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3.4.4 Boil deposition
When drops of colloidal silver dries on a surface, they tend to leave dense, ring-like deposits
covering only tiny fractions of the deposited area, even though the soluted nanoparticles were
initially dispersed over the entire drop [28]. A solution to overcome this problem for larger area-
depositions has been proposed to be by the use of a boiling process, previously demonstrated on
several substrates, including silicon [70]. In the present work, this is performed by depositing
colloidal silver on preheated silicon wafers and leaving it for the liquid to boil off (see figure
3.4.3). The details for the experiment is listed in table 3.4.1. The temperature given is the
displayed temperature on the VWR heater, thus it might be a bit lower at the colloid contact
area on top of the substrate. To get a stable substrate temperature, the wafers were left on the
heater for several minutes before the deposition was performed. A plastic handheld dropper was
used to apply the drops, each drop was calculated to contain approximately 30µL of silver sol.
The substrates were removed rapidly from the heating element as soon as all of the solvent had
evaporated.
Figure 3.4.3: Drops of colloidal silver boiled directly on the preheated silicon substrate [70].
Sample # Temperature Drops Time of evaporation
S1 100◦ C 2 20 s
S2 125◦ C 1 8 s
S3 150◦ C 1 12 s
S4 175◦ C 1 6 s
S5 200◦ C 1 8 s
Table 3.4.1: Experimental details for the deposition of silver nanoparticles on silicon wafers by boiling.
3.4.5 Spin coating
Spin coating could offer a rapid method of depositing thin films from solutions and is widely
employed in industry for the deposition of photoresists. Typically, a few drops of solution are
placed on to the surface of the substrate, the initial amount of sol has little effect on the final film
properties. The substrate is then rotated at several thousand rpm. The final film properties are
determined by the nature of the sol, e.g. the viscosity, drying rate, percent solids, surface tension,
etc., but it also depends on the spin process parameters such as rotation speed, acceleration, etc.
For example, higher spin speeds, longer spin times and lower solution viscosity are factors giving
thinner films [32].
The spin-on process performed with the silver sols in the work of this thesis involved testing
of several process parameters. Both the acceleration and rotation speed at different stages of the
Jack Bonsak, 2010
72 Chapter 3. Experimental
process were varied in the seek for the optimum values. Testing was done on planar monocrys-
talline silicon wafers and glas plates and involved the use of the silver sols synthesized in the
sodium borohydride reduction experiment 1 (see section 3.3.2). A Bidtec SP100 Spin Coater
was used to conduct the experiments.
Figure 3.4.4: The process of spin coating goes through several steps from the dispense of the solution to
the liquid evaporation [68].
3.5 Depositing colloidal silver onto silicon solar cells
Both multi- and monocrystalline solar cells were used to study the effect of the deposited silver
nanoparticles. Characterization was done both before and after the deposition. The adopted
techniques involved reflectance and quantum efficiency measurements using the spectral re-
sponse setup described in section 3.2.8. Possible changes in reflectance and quantum efficiency
as an effect of applying colloidal silver from both synthesis methods were investigated.
Regarding the measurements Variations in QE was found when placing the beam at dif-
ferent grains in the surface for the multicrystalline silicon solar cell samples used in the ex-
periment, but very small to none was found for measurements done within each grain. The
monocrystalline samples showed very small QE variations across the cell surface. For the mul-
ticrystalline samples, it was therefore shown to be important to focus the beam spot inside a
single grain and be sure to do the post-deposition measurements on the same spot. Hence, the
placing of the beam spot was made a note of for every measurement.
3.6. Simulations of the optical properties of metallic nanoparticles 73
3.6 Simulations of the optical properties of metallic nanoparticles
As described in earlier chapters, the excitation of surface plasmons on metallic nanoparticles can
be used to enhance absorption in silicon solar cells. The incident light excites surface plasmons
which in turn is re-radiated into trapped modes in the underlying silicon waveguide. The ability
of the nanoparticles to re-radiate the light into the silicon depends on a range of factors. This
chapter focuses on using the Mie-theory described in chapter 2.2 to investigate how the incident
light behaves when interacting with the nanoparticles under different sets of significant param-
eters. In general, there are two main mechanisms responsible for the optical properties of such
particles, namely scattering and absorption (see figure 3.6.1. For efficient light trapping in solar
cells, it is important that scattering processes prevail for the light to be absorbed in the silicon
material rather than being lost to heating up the particles.
An important motivation for calculating extinction spectra is the direct application of these
on experimental spectra obtained from metal nanoparticle sols. This way, a valuable first im-
pression of e.g. the size and size distribution of the particles can be interpreted from simple
photometry-measurements.
Figure 3.6.1: Extinction of light by a spherical particle. The part of the incoming light that is not scattered
or transmitted by the particle is accounted for by the absorption.
The modeling done here is based on the MiePlot program [69], version 4.0.0.1. It is based
on the BHMIE code published in Appendix A of the book "Absorption and scattering of light
by small particles" by Craig Bohren and Donald R. Huffman [15]. The Mie algorithm gives a
rigorous solution to the scattering of plane electromagnetic waves from homogeneous spheres.
The refractive indices used for the calculations are as follows: water [111], gold, silver and
copper [54] and silicon [38].
The scattering efficiency depends on the size of the particle, the type of metal, its dielectric
surroundings and the wavelength of the incident light, and plays a significant role when design-
ing nanoparticles for light trapping applications in solar cells. The impact of these parameters
onto the different spectra were investigated to get a better understanding of their relative de-
pendance and relationship to the optical properties of the metal nanoparticles. As an example,
figure 3.6.2 shows the effect on the normalized extinction and scattering cross-sections when
embedding silver nanoparticles with a diameter of 100nm in varying dielectric media.
Jack Bonsak, 2010
74 Chapter 3. Experimental
Figure 3.6.2: Extinction (solid lines) and scattering (dashed lines) cross-sections for 100nm diameter Ag
spheres embedded in vacuum, ITO and Si, normalized by the projected area of the sphere (refractive
indices: vacuum < ITO < Si).
Effect of size distributions To better understand the effects of disperse particle sizes, a log-
normal probability distribution was employed to the program. The log-normal distribution is a
continuous distribution in which the logarithm of a variable is normally distributed. In this case,
the variable represents the particle size. Compared to a normal distribution, a log-normal dis-
tribution appears somewhat distorted with a higher density at the lower values. The log-normal
distribution is frequently used in literature to describe the distribution of silver nanoparticles
synthesized by various methods [61, 34, 27, 4]. The probability density function of lognormal
distribution, LN(µ, σ2), is [132]:
1
x
√
2piσ
e−
(log(x)−µ)2
2σ2 (3.6.1)
where µ and σ are the mean and standard deviation of the variable’s natural logarithm,
respectively. The mean value can be calculated from
E(x) = eµ+
1
2
σ2 (3.6.2)
Calculations were performed with varying values for the mean particle diameter and the
standard deviation to study the effect on the extinction and scattering properties of the particles.
Chapter 4
Results
4.1 The sol synthesis
Figure 4.1.1: Different synthesis methods produced silver sols of varying color and intensity.
A summary of the silver nanoparticle synthesis experiments performed in this work is listed
in table 4.1.1. Two methods were used to study and characterize the colloidal silver: optical
spectroscopy for measuring the absorption and scattering properties of the particles as a function
of the wavelength of the incident light and TEM to study the particle structure and morphology.
X Exp. [AgNO3] / [X] Addition Adding
time
Post-
add.
stirring
Temp.
NaBH4 1 0.6mM / 1.2mM handheld equal equal ice-cold
NaBH4 2 0.6mM / 1.2mM burette varying - ice-cold
NaBH4 3 0.6mM / 1.2mM handheld varying varying ice-cold
" (+EtOH) 1 0.6mM / 1.2mM handheld varying varying ice-cold
NaCi 1 1.06mM / 38mM handheld equal varying boiling
NaCi 2 1mM / 38mM burette varying varying boiling
NaCi 3 4.7mM / 20mM burette varying - 80◦C
" (+PVP) 1 4.7mM / 20mM burette equal - 80◦C
Table 4.1.1: A short overview of the different experiments performed on the sol synthesis during this work.
X represents the reducing compound.
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4.1.1 The sodium borohydride method
During the addition of the silver nitrate to the aqueous sodium borohydride solution, a light
yellow colour slowly appeared in the mixture, indicating the formation of silver nanoparticles.
Figure 4.1.2, 4.1.3 and 4.1.7 shows the colloidal silver as synthesized by the different boro-
hydride experiments. The intensity and colour variations between the samples arise from the
compositional differences.
Experiment 1 - Varying the precursor volume ratios Different compositions were tried
out while keeping the duration of the addition and the stirring after the addition constant. For sol
#2 the addition was tried out the other way around, with sodium borohydride being added to the
silver nitrate solution. The result was a sudden color change following the first few drops of the
reductant, but a transition from the distinct yellow towards a more greyish and turbid appearance
soon occurred (see figure 4.1.2).
Figure 4.1.2: Some of the silver sols produced in experiment 1 of the borohydride reduction synthesis.
The compositional differences between the samples was clearly evident by the intensity
of the finished sols. Sol #6 was synthesized by instant mixing of the remains from the two
precursors, resulting in a clear yellow color at first, before attaining the looks of sol #2. All
the other samples preserved their appearance as seen in the figure for several months after the
synthesis.
Experiment 2 - Employing a burette for drop frequency control This experiment in-
volved the use of a burette and equal addition speeds for all samples. Sols with different com-
positions can be seen in figure 4.1.3, but no big variance in the intensity is seen due to the small
difference in ratio between the samples.
These samples were also investigated with high resolution transmission electron microscopy
(HRTEM). The images shown in figure 4.1.4 indicate small differences between the 4:25 (a) and
6:25 (b) compositions. As the images reveal, most of the nanocrystals had round shapes and the
size distribution is quite uniform. Deviations from the spherical shape occur more frequently for
the larger particles, which often have elongated or hexagonal shapes, as shown in figure 4.1.5.
EDS-spectra were collected from the 4:25 and 8:25 ratio samples, and is shown in figure
4.1.6. The copper originates from the Cu grid and the carbon most likely arises from the holy
carbon film, but is also a very abundant material, as is the case for oxygen. The difference
between the samples is because the EDS spectrum for the 8:25 sample was obtained closer to
the Cu grid. Also, silicon and sulphur was found in the samples. The former may come from
contaminations in the chamber or on the sample since the TEM is often used to investigate Si.
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Figure 4.1.3: Colloidal silver produced with compositional differences in experiment 2 of the borohydride
synthesis method. The ratios are 6:25, 8:25 and 10:25 for sol 14, 16 and 17, respectively.
Figure 4.1.4: HRTEM of Ag nanoparticles made with a AgNO3 to NaBH4 ratio of (a) 4:25 and (b) 6:25.
Sulphur is known for its reactivity towards silver in air [80], and may thus be the reason for its
presence in the spectra. The figure indicates a bit more S in the 4:25 than in the 8:25 sample.
Experiment 3 - Further investigation of compositional variations and experiment du-
ration The colloidal silver synthesized in this experiment is shown in figure 4.1.7. The visual
first impression of the first 6 sols in this experiment, with ratios from 2:25 to 25:25, shows little
difference between the samples. A much bigger intensity/color difference is observed for the
three next samples (26, 27, 28), where the varying ratios are all mixed in two minutes and thus
at different drop frequencies.
The compositional variations are also observable in the optical spectra obtained from the
sols, shown in figure 4.1.8. In addition to an intensity enhancement, a small red-shift of the
plasmon peak is also seen as the amount of aqueous silver nitrate is increased in the mixture.
Samples 24 and 28 both have a ratio of 15:25, but a significant difference is observed both
visually in fig 4.1.7 and in the spectra, which show a large increase in intensity for the synthesis
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Figure 4.1.5: (a) A HRTEM image from a 4:25 sample, showing a silver nanoparticle with hexagonal
shape, measuring approximately 16x12 nm across the longest and shortest axes, respectively. (b) HRTEM
image from a 6:26 sample, showing particles of different sizes and shapes
Figure 4.1.6: EDS spectra of colloidal silver with silver nitrate to sodium borohydride ratios of 4:25 and
8:25.
4.1. The sol synthesis 79
Figure 4.1.7: Sols with varying silver nitrate to sodium borohydride volume ratios from experiment 3.
done in the shortest time (note the 5 seconds versus 1 minute of post-addition stirring for the two
samples).
Figure 4.1.8: Spectra from some of the sols produced with borohydride method, experiment 3, showing
variations in intensity and peak position with composition. (*Duration of addition)
The size distribution of the silver nanoparticles synthesized in ratios 4:25 and 25:25 are
shown for comparison in figure 4.1.9. This shows a small increase in the mean particle size and
a significant broadening of the size distribution when the amount of silver nitrate is increased.
Based on TEM studies performed on sols with varying compositions, a relationship between
the nanoparticle size and precursor ratio could be described. The distribution of particle sizes
observed in the samples made the best fit with a log-normal size distribution (described in section
3.6). Figure 4.1.10a shows the size distribution for samples of ratio 2:25 to 25:25 averaged to fit
log-normal distribution curves. The black dot in each curve represents the mean particle size as
calculated from equation 3.6.2 in section 3.6. Figure 4.1.10b shows the relationship between the
size and the precursor volume ratio based on the experimental data. A close to linear relationship
is observed for the samples investigated in our work.
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Figure 4.1.9: The silver nanoparticles size distribution of samples with silver nitrate to sodium borohydride
ratios of 4:25 and 25:25, made in experiment 3.
Figure 4.1.10: (a) Size distributions of particles made with ratios 2:25 to 25:25. (b) The silver nanoparticle
diameter as a function of the ratio between the silver nitrate and sodium borohydride solutions.
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Replacing water with ethanol It turned out that the compounds were harder to dissolve
in ethanol than in water, with NaBH4 and AgNO3 needing 50 and 25 minutes for complete
dissolution, respectively.
As the silver nitrate solution was added to the sodium borohydride solution, a light yellow
color started to appear in the mixture and a darker yellow color was observed towards the end of
the addition, indicating the formation of silver nanoparticles. However, within just a few minutes
all of the ethanol sols had gone from darker yellow to violet before they all turned out grayish
with particles in the µm-region sedimenting on the bottom of the beaker. Figure 4.1.11 shows
how the agglomeration develops through point 1 to 4 in a typical experiment. The instability of
the ethanol sols is further discussed in the discussion section of the thesis.
Figure 4.1.11: (a) The different steps of agglomeration of colloidal silver. Taken from [120]. (b) Poor
nanoparticle stabilization in the ethanol solvent resulted in the sedimentation of µm sized particles on the
bottom of the beaker.
Nanocrystal structure and defects
Diffraction patterns from the colloidal silver samples revealed the presence of not only pure
silver, but also an unknown material with a non-cubic crystal structure. Due to the high reactivity
of metal nanoparticles, this may arise from oxidation effects taken place on silver.
Defects are observed in the silver nanocrystals, especially twins and stacking faults, both
probably present in the particle seen in figure 4.1.12a. 4.1.12b shows a small part of the same
crystal, with lines to emphasize some of the angled twin boundaries present. Some of the
nanocrystals also contained large defects on the surface, seemingly as facets, see figure 4.1.12c.
Such facets are problably related to twin boundaries in the nanocrystal.
Figure 4.1.12: (a)HRTEM image of a silver nanocrystal from a 8:25 ratio borohydride-sol. (b) Defects in a
small part of the nanocrystal in (a). (c) Ag nanocrystal with visible defects on the surface
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When nearby particles are exposed to high energy electron beams, they prone to nucleate
together, as shown in figure 4.1.13. The crystal direction of the particles are most likely not to
correlate, and thus the interface may therefore contain defects like twins or stacking faults.
Figure 4.1.13: Electron beam induced fusion of two nanocrystals
Another outcome of electron beam exposure is what seems to be removal of defects in the
nanocrystals. Figure 4.1.14 shows a particle at an early (A) and later (B) stage of the electron
beam irradiation. The last image seems to reveal a lower quantity of defects than the first picture,
indicating that the energy provided by the electron beam may induce structural transformations
into more energetically favorable states.
Figure 4.1.14: HRTEM image of a nanocrystal that has been exposed to an electron beam for a period of
(A) a few seconds and (B) two minutes.
Stability of borohydride sols
Stability experiment 1 - Exposing the sols to brief treatments The sols were exposed
to varying conditions to test how the colloidal stability changes during a period of one month.
Optical spectroscopy was used to characterize the samples.
As the figures show, there are no significant variations between the samples. All the spec-
tra show similar development independent of the treatment they are exposed to; a decrease in
intensity and a widening of the peak.
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Figure 4.1.15: Absorption spectra before and after various treatments of the sols. Figure (a) shows the
unexposed (kept in black box) (2A) and the illuminated (2B) samples, and (b) shows the heated (3A) and
shaken (3B) ones. The black arrows indicate the reshaping of the spectra.
Stability experiment 2 - Why do some of the sols obtain different colors? The big vari-
ations in color as seen in figure 3.3.1 indicate variations in the particle size and size distributions.
To investigate this, transmission electron microscopy was used for characterization of the silver
nanoparticles. TEM studies were performed on the samples listed in table 3.3.5, and images
of the blue and orange sols are shown in figure 4.1.16. A slightly larger particle size can be
observed for the orange sample in (a), which is 6 weeks after the synthesis. In addition, these
nanocrystals also seem to have more irregular shapes and several cases of what seems to be par-
ticles fused together. The TEM investigation of the particles in (b) is done only one week after
the synthesis.
Figure 4.1.16: TEM images of silver nanoparticles in samples (a) jack4g (orange) and (b) jack4ny (blue).
How the particle size distribution varies with time for the samples with ratios 4:25 and 6:25
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can be seen in figures 4.1.17 and 4.1.18, respectively.
Figure 4.1.17: Changes in the size disitribution for the samples made with a silver nitrate to sodium
borohydride ratio of 4:25 during a period of six weeks.
Figure 4.1.18: Changes in the size disitribution for the samples made with a silver nitrate to sodium
borohydride ratio of 6:25 during a period of six weeks.
For the 4:25 samples, JACK 4 has the smallest nanocrystals and JACK4g has the largest. The
size distribution for the 6:25 samples reveals a larger nanocrystal size for sample JACK6g, but
the difference is not very big. Common for the two samples is a slight increase in the nanocrystal
size and a broadening of the size distribution when the samples are exposed to light.
Stability experiment 3 - Investigating the influence of temperature The spectra from
the different sols are shown in figure 4.1.19, with the 2:25 samples shown in (a) and 7:25 in (b).
Common for all samples is the characteristic peak at around 395 nm, but additionally another
peak has grown up at higher wavelengths, as seen in the spectra. These peaks lie in the region
between 500 and 520 nm and are the reasons for the colorful appearance of the sols.
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Figure 4.1.19: Optical spectroscopy spectra from the borohydride sols in stability experiment 3. Samples
of ratios 2:25 and 7:25 are shown in (a) and (b), respectively.
Stability experiment 4 - The influence of AM1.5 irradiation TEM images from the
colloidal silver after on hour of AM1.5 solar irradiation is shown in figure 4.1.20, with the
corresponding change in particle size distribution as visualized by TEM presented below. Big
particles in the 100-200 nm size region with triangular and other edged shapes were observed
spread around on the copper grid as seen in figure 4.1.20a. The higher magnification image in
(b) also shows smaller spherical particles, but generally still larger than those observed in the
studies of the non-irradiated 2:25 samples.
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Figure 4.1.20: TEM images of different magnification showing a 2:25 ratio borohydride sol after one hour
of AM1.5 solar irradiation. The effect of the irradiation upon particle size distribution is shown below.
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4.1.2 The sodium citrate method
Experiment 1 - The preliminary syntheses Soon after the addition of the reducing agent,
a light yellow color became evident in the mixture. However, depending on the time of boiling
the sols gradually turned greyish and obtained a milky consistency. The last two samples quickly
showed these characteristics after being cooled down from boiling temperature. Sol Ag-NaCi1
kept its clearness the longest even though it as well eventually experienced the same transfor-
mation when the temperature became low enough. Yet, the light yellow color was still evident
in all of the samples even after days at room temperature, indicating at least some stabilization
of nano-silver.
Experiment 2 - Extended synthesis conditions with controlled addition Experiment
2 involved testing of different compositions, adding times and additional stirring times. The
spectra are shown in figure 4.1.21. In figures 4.1.21(a), (b) and (c), the adding time is held
constant while the time of stirring after the addition is finished is varied. The spectra indicate
a rise in the intensity for increased post-addition stirring time. In figure 4.1.21(d), samples 10
and 11 are shown. No no post-addition stirring was performed for any of the samples, but the
sodium citrate was added to the silver nitrate in almost twice the time for sample 11.
Figure 4.1.21: Spectra from the citrate reduced samples, experiment 2. The black arrows indicate in-
creased post-addition stirring time for the samples in (a), (b) and (c), and increased adding time in (d).
The compositional ratios and adding times are constant in each of the samples (a), (b) and (c). The peak
positions are shown for each of the spectra.
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Figure 4.1.22: Colloidal silver from the citrate reduction method with different compositions, resulting in
intensity variations. The 100:17, 100:10 and 100:7 compositions shown are those of samples 6, 2 and 8,
respectively. The black arrow indicates towards higher amount of sodium citrate in the mixture.
Figure 4.1.21 shows that the intensity of the plasmon peak is increased as well as widened
and slightly red-shifted when stirring is prolonged after the addition is completed. Out of the
spectra in (d), the same tendency is observed when the addition is performed at a slower rate. The
comparison between samples of different compositions shown in figure 4.1.22 indicate a similar
behaviour as the amount of reducing compound sodium citrate is increased in the mixture.
Some of the HRTEM images taken of the silver nanoparticles in this experiment are shown
in figure 4.1.23. The pictures show large agglomerates of nanoparticles with snow crystal-like
shapes as seen in (a) and (d). It seems like some of the "arms" of the large crystals have cores
that are made up of nanorods (as in (c)), and other non-spherical shapes are also found in these
images. One such "arm" is magnified in figure 4.1.23b and reveals particles of hexagonal and
pseudo-spherical shapes with diameters between 50 and 100nm stuck along its axis.
Experiment 3 - Lowering the synthesis temperature Since the temperature was lower
than in the previous experiments, the light yelllow color first appeared a few minutes after the
addition was complete, and the produced mixture was collected from the hot plate soon after
the color transition had taken place. Like the other samples prepared with the citrate reduction
method, the finished sols were slightly less clear than the borohydrate-reduced silver sols. Nev-
ertheless, the sols possessed both homogeneousness and the distinct yellowish color of colloidal
silver as can be seen in figure 4.1.24. Figure 4.1.25 shows the corresponding UV-Vis spectra
obtained from the samples, with a small difference in the volume ratio between (a) and (b).
The spectra from this experiment show peaks at slightly lower wavelengths than for the
previous experiment. Also, there is a tail (and even an intensity increasement for some sols)
towards higher wavelengths that is not seen to such degree for the samples where the synthesis
was performed with boiling reactants.
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Figure 4.1.23: HRTEM images of Ag nanocrystals from the citrate synthesis method. Smaller particles
have accumulated and caused the formation of large agglomerates.
Figure 4.1.24: Colloidal silver synthesized by the trisodium citrate reduction of silver nitrate, experiment
3. The relative amounts of the precursors and the heating time is varied for the different samples.
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Figure 4.1.25: The spectra obtained for the different samples of experiment 3. The silver nitrate to sodium
citrate volume ratio is 25:25 in (a) and 20:25 in (b), and the total times of the syntheses are varied for the
different samples in each.
Employing an additional stabilizer The time needed for the distinct color of colloidal
silver to appear was strongly reduced after the addition of the PVP compared to that of the
previous experiment. All three samples quickly displayed the distinct light yellow color typical
for colloidal silver, but depending on the amount of PVP the sols slowly darkened and a change
in color was observed. As can be seen from the picture in figure 4.1.26 taken 24 hours after the
synthesis, increasing the PVP to silver nitrate weight ratio makes the sols turn from light yellow
to dark green. At this point, the excess PVP had settled out and lay as a film on top of the sol.
This was especially evident for the sol with the highest PVP to silver nitrate ratio. UV-Vis spectra
collected from the sols shown in figure 4.1.27 clearly display intensity differences between the
samples, but just small shifts of the plasmon peak are observed for the varying weight ratios.
Figure 4.1.26: Colloidal silver made from the trisodium citrate-reduction of silver nitrate with PVP as a
stabilizer. The PVP:AgNO3 ratio is 25:1, 5:1 and 10:1 for samples 7, 8 and 9, respectively.
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Figure 4.1.27: The UV-Vis spectra obtained from the sodium citrate reduction of silver nitrate with
polyvinylpyrrolidone as an additional stabilizer. The increasing PVP to silver nitrate weight ratio is indi-
cated by the black arrow.
4.2 Deposition of the sols onto substrates
The deposition methods tried out in connection with this work is summarized in the following
section. The characterization of the deposited silicon substrates was primarily performed with
atomic force microscopy (AFM). Scanning electron microscopy (SEM) was tried out in some
cases, but mostly ended up with images with poor resolution and what seemed like melting of
the nanoparticles when irradiated for just a few seconds by the electron beam. Especially for
depositions on the non-conducting glass plates, charge accumulation made it hard to get any
good images from the SEM. AFM was also tried out for the depositions done onto structured
solar cells, but it quickly proved unsuitable due to the large height differences on the solar cell
surface.
The drop-on method This method was found to be the most reproducible way of depositing
fairly even distributions of particles in small areas on silicon surfaces. By holding the substrate at
different angles, the applied colloidal silver poured off at various speeds, giving good control of
the time of contact with the sol. It was found that when the substrates were held too horizontal,
the drying of the sol caused lines of material deposits to be left on the surface, and thus provided
for poor particle distributions. The most efficient way of depositing the particles was found to
be when holding the substrates at an angle of around 45◦, giving the sol enough time to deposit a
thin film of colloidal particles and simultaneously pour off before leaving stains on the surface.
Optical microscope images of silicon wafers with deposited nanoparticles, with and without N2
flushing, are shown in figure 4.2.1. Even though there seems to be an effect on the distribution
from the nitrogen flushing, imaging with higher resolution setups like AFM or SEM must be
adopted to see the distributions on a nanoscale.
AFM was used for nano-scale characterization of the surfaces. Figure 4.2.2 shows a 1x1 µm
area of a polished silicon surface that has been subjected to the drop-on deposition of colloidal
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silver of ratio 10:25 from the borohydride synthesis. Indicated in the figure are two linescans
performed across the surface, with the respective linescan spectra shown in (a) and (b) below.
Based on the spectra, the particles are in the size region 20-25 nm in diameter.
Figure 4.2.1: Optical microscopy images of etched silicon wafers with deposited colloidal silver using the
drop-on method. Both pictures are taken one day after the deposition. Both the (a) and (b) samples were
exposed to the colloidal silver drops in three turns but (b) was additionally flushed with N2 gas in between
the treatments.
AFM imaging was also used to investigate a silicon wafer surface where the drop-on tech-
nique was combined with N2 flushing, using the same colloidal silver sample. However, some
problems with the AFM tip made imaging hard to conduct and the size-scale of the image un-
reliable. Nevertheless, two images from spots of high particle density on the wafer surface are
shown in figure 4.2.3, displaying spherical and nearly spherical particles of relatively large size
variations.
Dip coating In several cases, dip coating provided for a good way of applying the nanoparti-
cles onto the substrates. However, since no instrumental setup was available, the dipping had to
be carried out by hand which in many cases could cause inaccuracy and uneven pulling rates.
Furthermore, this also makes the reproducibility of the depositions questionable. An area with
fairly even distributed particles is seen in the SEM image in figure 4.2.4a. Figure 4.2.4b shows
a field with more sparse distribution and what seems to be agglomerations of particles. Both
images are taken quickly after the evaporation of the water solvent. The poor resolution arises
from charge accumulation on the surface which in turn forced the images to be aquired quickly.
Slow sol draining Since the available reaction vessel used in this experiment required a rel-
atively large sol volume to be usable, only a few attempts were tried out with this setup. With
appropriate drainage control, the deposition could be done in an optimized version of the dip
coating method, resulting in even distributions of particles. The draining speed affected the de-
position in a similar way as the inclination in the drop-on experiment. Slow draining resulted
in lines or rings with material deposits as the sol level sunk, while faster draining left only a
thin film of colloidal silver on the surface. By using optical microscope, the substrates where
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Figure 4.2.2: AFM image of a silicon substrate after the drop-on deposition of colloidal silver of ratio 10:25
fom the borohydride synthesis.
Figure 4.2.3: 2D (a) and 3D (b) AFM images from two different spots on the surface of a Si wafer that
has been subjected to a 10:25 ratio silver sol from the borohydride synthesis in three turns with nitrogen
flushing in between.
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Figure 4.2.4: SEM images from the dip coating deposition of silver nanoparticles onto a silicon wafer. The
images (a) and (b) are taken from areas of relatively even and sparse particle distributions on the surface,
respectively.
the draining had been performed the fastest also proved to have the most even distribution on a
macro scale. While the lines and rings were still observable, the separation between them was
seemingly smaller.
Boil deposition The boil deposition was found to be hard to control and with a low level of
reproducibility, at least with the setup used in this performance (which also resembles that of
previous work [70]). Too low temperature made the water evaporate slowly enough to leave
big ring- and line-shaped deposits on the substrate, similar to those "coffee-stains" observed
when a drop of water evaporates on a surface at room temperature. Too high temperature almost
immediately boiled off the water, leaving nothing but "burns" on the surface. Figure 4.2.5 shows
a small spot from sample S3 (heated at 150◦C for 12s), which seemed to give the best result
for this method (the colour arise from filters in the optical microscope, with red giving the best
contrast to view the deposits).
The image shows an area with lines of deposits in different directions across the surface of
the wafer. Such accumulations were found scattered around in the whole area where the drop of
colloidal silver had initially been dispensed, but with large gaps in between.
The spin coating method Spin coating was hard to accomplish with the colloidal silver pre-
pared in the work of this thesis. The low viscosity of the water solvent in combination with
the high hydrophobicity of the polished wafer surface caused the colloidal silver to flow off in
a straight line when the rotation speed became high enough during ramp up, see figure 4.2.6.
When dispensed on the less water repellant surface of a coated and textured solar cell substrate,
the sol remained on the substrate at higher rotation speeds, but eventually slipped off in the
same way. Several acceleration and final rotation speeds were tried out, but no smooth radial
outflowing of the sol was observed in the experiments.
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Figure 4.2.5: A small area with lines of deposits from deposition performed with boiling at 150◦C as
viewed in an optical microscope.
Figure 4.2.6: Sol spinning off in a line, causing poor colloidal silver substrate coverage.
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4.3 Deposition of colloidal silver onto solar cells
Based on the deposition experiments, the drop-on technique was adopted for the application
of the silver nanoparticles onto silicon solar cells. The deposition could be done more selec-
tively by following this method, which is helpful when wanting to make use of different sols
in different areas of the same substrate possible. Because of the high controllability, ensuring
proper deposition in between the contact fingers, where the measurements were intended, was
also feasible.
4.3.1 Reflectance measurements
The reflection (R) measurements were performed on planar, monocrystalline cells without any
deposited antireflection coating (only native oxide), where R is initially high. Sodium boro-
hydride sol #25 (25:25 volume ratio), and citrate sol #9 (100:7 volume ratio) was used in the
experiment. Four measurements were done with each sol, three in what evidently seemed like
densely deposited areas and one where sol had been dispensed but almost no deposits could
be observed. All measurements were obtained within one hour after the solvent evaporation.
The relative decrease in reflectivity after the deposition of the particles is shown in figure 4.3.1.
The dotted lines represent the R decrease in the sparsely covered areas. A general reflectivity
decrease is observed in all measurements, but the reduction seems larger for the borohydride
reduced particles compared to those of the citrate synthesis. Furthermore, while the reduction
caused by the borohydride Ag seems more or less wavelength independent, the effect is more
prominent at the shorter wavelengths for the citrate silver.
Figure 4.3.1: Decrease in reflectance as a function of wavelength after the deposition of colloidal silver
onto a silicon solar cell. The cell substrate is planar with a native oxide spacer layer. The dotted line
measurements are from sparsely deposited areas.
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4.3.2 Quantum efficiency (QE) measurements
The effect of the silver nanoparticles on the QE of different solar cells was investigated by using
a procedure similar to that of the reflectance measurements. The drop-on technique was mostly
used to apply the particles at certain spots on the cells, in addition to one experiment with the
draining setup.
Ag nanoparticles from borohydride method Figure 4.3.3a shows the enhancement after ap-
plying the colloidal silver from sol #25 with the drop-on technique on a multicrystalline solar
cell. The cell was investigated by optical microscopy in advance, and the surface turned out to
have a random texture as shown in figure 4.3.2.
Figure 4.3.2: The surface structure of the multicrystalline silicon solar cell sample used in a nanoparticle
deposition experiment.
To avoid measurement errors, the beam spot was aligned to hit within the grain boundaries
on the surface of the cell. However, after applying the colloidal silver to the surface followed
by a solvent evaporation step, the grain boundaries were not longer visible. The two graphs in
figure 4.3.3b are based on initial QE measurements from two adjacent grains, followed by a new
measurement in the same area after the particle deposition. However, due to the lack of grain
boundary visibility subsequent to the deposition, it is complicated to determine on which of the
grains the original QE should be based.
Figure 4.3.3a shows the QE enhancement from a multicrystalline solar cell sample, where
the drop-on technique is used to apply colloidal silver of sol #1 (7:25 ratio).
Ag nanoparticles from citrate method Figure 4.3.4 shows the QE enhancement of a monocrys-
talline (a) and multicrystalline (b) silicon solar cell after the deposition of colloidal silver from
sol #9 of the citrate reduction synthesis. The two measurements in (b) are done at different spots
on the solar cell surface.
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Figure 4.3.3: Quantum efficiency enhancements for multicrystalline silicon wafer based solar cells with
drop-on deposited silver nanoparticles from the borohydride synthesis. Figure (a) shows the enhancement
from sol #1 (with a 7:25 ratio). The enhancement relative to two differents grains (see text) with sol #25
(25:25 ratio) applied is shown in (b).
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Figure 4.3.4: Quantum efficiency enhancements for silicon wafer based solar cells with deposited silver
nanoparticles from sol #9 from the citrate reduction synthesis. Figure (a) shows the enhancement from a
cell with a monocrystalline substrate, while the two measurements shown in (b) are from different spots on
a multicrystalline silicon cell.
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4.4 Simulations of the optical properties of metal nanoparticles
4.4.1 The effect of particle size
Figure 4.4.1 a to d shows the extinction efficiency spectra for nanoparticles of silver with radii
varying from 1 to 80 nm in vacuum. As explained in section 2.2.3, extinction is the sum of
absorption and scattering of the incident light by the metallic nanoparticles. The extinction
efficiency is the normalized extinction cross-section, i.e. the extinction cross-section divided by
the geometric cross-section of the particle.
Figure 4.4.1: Extinction efficiency as a function of wavelength and radius of silver nanoparticles in water
The peaks from the extinction spectra can be directly related to the surface plasmon reso-
nance frequencies. For the smaller particles, one peak completely dominates the spectra. For
larger particles, shoulders can clearly be observed on the existing peaks, indicating the existence
of a different type of plasmon excitation. Furthermore, when the particles get large enough
these peaks can indeed be observed as stand-alone peaks in the spectra. This can be related to
the excitation of higher order plasmon modes as the incident radiation is no longer able to po-
larize the particle homogeneously. Especially for particles with diameters from around 40 nm a
quadrupole plasmon mode can be observed at the shorter wavelengths. Figure 4.4.2 shows the
relationship between the position of the plasmon peaks and the radius of a silver nanoparticle
situated in water. It clearly shows how the plasmon peak is red-shifted as the particles get larger.
The shift is also different for the two plasmon modes observed, as the dipole excitation clearly
displays a more noticeable red-shift than the quadrupole mode.
Figure 4.4.3 shows how the scattering and absorption contributes to the total extinction of
the silver nanoparticles embedded in water. The values for the absorption and scattering are col-
lected from the wavelengths where the extinction efficiency has its maximum value. It is clear
that absorption completely dominates the extinction process for the smallest particles. Not until
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Figure 4.4.2: The extinction efficiency peak position as a function of particle diameter for the dipole and
quadrupole plasmon exitation of silver nanoparticles in water
the particles approach a radius of almost 10 nm the scattering part becomes significant. Never-
theless, absorption is only very high for the smallest particles, and at around d = 60 it reaches a
low-level plateau from which particles of larger diameters will mainly scatter the incident light.
This can be observed in figure 4.4.4a where the radiative efficiency
(
Qrad =
Qsca
Qext
)
averaged
over wavelengths λ=300-600 nm is plotted against the size of silver nanoparticles embedded
in water. Qrad is very low for the smallest particles but starts to increase rapidly as the radius
reaches a few nanometers.
Figure 4.4.3: The extinction, scattering and absorption efficiency at the wavelength where the extinction
has its maximum for different sized silver nanoparticles in water.
The calculations done so far are based on silver nanoparticles in water. The spectra would
look different for nanoparticles in vacuum due to the red-shift of the plasmon peak when going to
a higher-index medium. The variation in Qrad for particles embedded in media with refractive
indices from n=1 to n=3.5 can be seen in figure 4.4.5. Obviously, placing the particles in a
higher-index medium generally increases the radiative efficiency for all particle sizes.
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Figure 4.4.4: The radiative efficiency (Qrad) averaged over all wavelengths as a function of the radius of
silver nanoparticles in water.
4.4.2 The effect of the embedding medium
From section 2.2.4 it is clear that the dielectric environment plays an important role for the
value of the surface plasmon resonane. An increase in the refractive index of the surrounding
medium results in a red-shift of the resonance wavelength. Figure 3.6.2 in section 3.6 shows
the normalized extinction and scattering cross-sections of silver particles with a diameter of
100nm surrounded by vacuum, indium tin oxide (ITO) and silicon, listed in order of increasing
refractive index. Typical refractive indices of ITO and Si are n=1.85 and n=3.7, respectively
(taken at λ=800nm). Changing this dielectric environment alone generates a shift of 1190nm-
670nm=520nm between the dipole plasmon resonance peaks of the two particle surroundings.
As a result of the changing surroundings, peaks corresponding to higher order multipole plasmon
exitations appear in the spectra. Both dipole, quadrupole, octupole (and in the case of silicon,
hexadecapole) plasmon resonances are observed.
In figure 4.4.6, the positions of the dipole and quadrupole plasmon resonance peaks are plot-
ted against the wavelength for 60nm silver particles embedded in media with constant refractive
indices (n). The relationship between the wavelength at the peak positions and the refractive
index of the medium is approximately linear with slopes giving 235nm/n and 160nm/n for the
dipole and quadrupole peaks, respectively.
4.4.3 Changing the metal
The plasmon resonance and the extinction properties of metallic nanoparticles are heavily in-
fluenced by the dielectric properties of the chosen metal. As described in section 2.2.4, copper,
gold and silver possess different densities of free electrons, leading to shifts in the resonance
frequency. Another important aspect is the tendency for the metal to absorb incoming radiation
leading to dissipation of heat in the particle. For solar cell applications where the metal particles
are placed on top of the active substrate, this kind of absorption potentially reduces the num-
ber of photons available for electron-hole pair generation and should be avoided. Figure 4.4.7
shows the radiative efficiency of silver, gold and copper at different wavelengths as a function
of particle diameter. At all wavelengths and particle sizes, silver clearly stands out as having
the highest fraction of incident radiation being scattered compared to gold and copper. The fig-
ure also shows that for the very small particles, extinction is dominated by absorption, even for
silver.
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Figure 4.4.5: The radiative efficiency of silver nanoparticles embedded in media with varying refractive
index as a function of particle diameter. The wavelength of the incident radiation is λ = 800 nm.
Figure 4.4.6: Dipole and quadrupole plasmon resonance peaks as a function of the refractive index of the
embedding medium for 60nm in diameter silver particles
As can be observed in figure 4.4.7 the radiative efficiency varies with the wavelength of
the incoming light. In figure 4.4.8 Qrad is plotted against the wavelength for silver, gold and
copper particles of 30, 60 and 100nm in diameter. For all three metals and particle sizes, the
radiation efficiency is low for short wavelength light. The higher value for the imaginary part of
the dielectric constant in this region supports these observations, as shown for silver and gold in
figure 2.2.5.
4.4.4 Size distributions
So far, only collections of uniformly sized particles have been considered. For the real case
however, synthesized nanoparticles always have a distribution of sizes to some degree depending
on the method of synthesis, so an ideal assumption does not fully describe the whole picture. To
better understand the effects of disperse particle sizes, a log-normal probability distribution was
employed to the program. Figure 4.4.9 shows how the extinction efficiency is affected by a log-
normal distribution of particle sizes. Spectra for two size regimes are plotted, namely particles
with mean diameters 20 (4.4.9a) and 80 nm (4.4.9b). The standard deviation is varied between
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Figure 4.4.7: Radiative efficiency for silver, gold and copper as a function of particle diameter at incident
radiation of wavelength 400 (a), 600 (b), 800 (c) and 1000nm (d)
.
Figure 4.4.8: Radiative efficiency for silver, gold and copper nanoparticles with diameters 30nm (a), 60nm
(b) and 100nm (c) in vacuum as a function of the wavelength of the incident light.
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0 and 40 % in both cases. The trends are indicated by arrows in the figure.
Figure 4.4.9: The effect of a size distribution on the normalized extinction cross-section for silver nanopar-
ticles in water with mean diameters 20 (a) and 80 nm (b).
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Chapter 5
Discussion
The experimental work of this thesis can mainly be divided into two parts; the sol synthesis and
study, and the deposition of colloidal silver onto substrates followed by substrate characteriza-
tion.
5.1 The sol synthesis
Two methods for producing nanoparticles of different size regimes were adopted in the work of
this thesis. The intention was to study the particle size effect on the plasmonic light trapping
properties.
5.1.1 The borohydride synthesis
The synthesis of silver nanoparticles from the borohydride reduction of silver nitrate produced
particles in the same size regime as described in literature [120, 86, 67]. TEM studies on the
particles revealed that the distribution of sizes made the best fit with a log-normal distribution
function. This is in good agreement with previous studies showing similar size distributions
for various silver nanoparticle synthesis methods [61, 4, 34, 27]. Granqvist and Buhrman have
studied the mechanisms of particle growth by looking at size distributions of colloidal metals
[36, 17]. Whereas a normal distribution indicates the addition of atomic units to a growing
nucleus, also known as Ostwald ripening, a log-normal distribution is presumably the outcome
where growth is caused by agglomeration of particles by interparticle Brownian collisions. This
might be important to consider for the understanding of stability of the colloidal particles.
The systematical approach to study the effects of varying the precursor volume ratios per-
formed in this work has not been found in earlier publications. The effect of increasing the
amount of silver nitrate in the mixture relative to the sodium borohydride reductant produced
larger particles with a wider distribution of sizes, see figure 4.1.10. This was observed by an
extensive TEM study of the different samples. Additionally, samples with a higher amount of
silver nitrate exhibited an enhanced intensity and peak widening when characterized by UV-Vis
spectroscopy.
An increase in the silver nitrate precursor volume naturally decreases the relative amount
of the reductant sodium borohdyride in the solution. In this case, the borohydride also acts
as a surfactant to stabilize the formed nanoparticles, illustrated in figure 5.1.1. The amount
of borohydride in the solution during the reaction is of crucial importance. A lowering of the
amount of sodium borohydride in the solution is therefore believed to allow the growth of larger
particles before borohydride adsorption on the particles occur.
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Figure 5.1.1: Repulsive forces between the adsorbed borohydride ensures separation of the Ag nanopar-
ticles.
From the same reason, the trend observed in figure 4.1.10 is not assumed to continue if
the relative amount of silver nitrate becomes too high in the solution. Further nanoparticle
growth and/or aggregation may follow from surfactant deficiency. On the other hand, too much
sodium borohydride will increase the ionic strength of the solution, promoting aggregation of
the particles [86].
Agreement between experimental and simulated data MiePlot simulations were per-
formed on the extinction spectra of different sized silver nanoparticles in water, and showed a
relationship between the size of the particle and the peak position, as presented in figure 4.4.2.
The experimental UV-Vis spectroscopy of the borohydride samples exhibited peaks around 395
nm, with small variations between the samples of different ratio. According to the simulations,
this should give particles slightly above 20 nm in diameter. As observed by TEM investigations,
the real values for the particles however, are in the range of 6 to 16 nm depending on the com-
positional ratios. A slight overestimation of the particle size is thus anticipated according to the
theoretical data.
The reason for this is assumed to be the wide distribution of sizes observed in the nanopar-
ticle samples. Whereas the peaks calculated in figure 4.4.2 are based on size monodispersity,
particles of larger dimensions are also found in the real case, which have shown to red-shift the
plasmon absorption peak [117]. Overlapping of extinction peaks is therefore believed to have
caused an overall red-shift of the peak. Furthermore, many of the nanoparticles observed in the
TEM images are not spherical, which is assumed in the Mie theory from which the simulated
spectra are calculated. Hence, this may also contribute to important corrections in the experi-
mental spectra. The influence of particle shape on the plasmon resonance frequency is treated in
section 2.2.4.
Effect of the synthesis conditions
The addition of silver nitrate to sodium borohydride The addition of the silver nitrate
to the sodium borohydride was performed with both a handheld pipette and a stationary burette.
Since the addition with the handheld pipette was performed with a frequent drop speed, no sig-
nificant difference between the two methods was found. However, the burette is recommended
to ensure a high degree of sol reproducibility and for the laboratory assistent convenience.
Immediate mixing of the two reactants resulted in a sudden formation of silver nanoparticles
(indicated by a light yellow color appearing in the solution), but also followed by an agglomer-
ation process and the sedimentation of deposits in the µm size, see figure 4.1.11. Thus, a slow
and frequent addition was found to be required for proper stabilization.
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Figure 5.1.2: The calculated peak position as a function of diameter for silver nanoparticles in water.
Experimental absorption maxima from the two synthesis methods are indicated in the graph.
Syntheses with different silver nitrate drop frequencies was performed to test how quickly
the addition could be performed without loosing colloidal stability in the final solution. Gen-
erally, it was found that faster additions resulted in sols exhibiting more intense and wider ab-
sorption peaks when measured by UV-Vis spectroscopy, as exemplified in figure 4.1.8. Possible
reasons may be the formation of a higher number of particles or an increase in the particle size,
as this will not shift the peak significantly for small nanoparticles [15] (also see figure 4.4.1
which shows a simulation of the extinction peak as a function of wavelength and particle size).
The influence of stirring on the particle size distribution For some of the samples, stir-
ring was continued for some time after the addition was finished. Generally, the samples with
extended stirring times exhibited a darker appearance than those with minimal or no additional
stirring. This can be seen in the images of the sols from experiment 1, where the post-addition
stirring was continued for 15 minutes, compared to those of experiments 2 and 3 of the boro-
hdyride synthesis. This is also consistent with studies done by Fang et.al. who found no change
in average particle size and shape, but a higher degree of aggregation in the sample where stirring
was prolonged [31].
The importance of keeping a low temperature during the synthesis The cooling of
the solutions during the synthesis was found to be of crucial importance. The synthesis was
tried out without proper cooling and resulted in a particle agglomeration process similar to that
of figure 4.1.11. For the experiments performed with a burette, this was also the case when
the silver nitrate solution was kept for a long time inside the burette before being added to the
NaBH4 solution, as this made the solution gain heat from the surroundings. To prevent this
from happening during long syntheses involving large volumes, a burette with a coaxial cooling
arrangement could be adopted.
The sol stability
The ability to store chemically synthesized nanoparticles for later use would be beneficial for
the use in light trapping applications in solar cells. If incorporated in industrial processes, large
volumes of colloidal silver would be involved and the dispersion of the nanoparticles in the liquid
will have to be reliable during the whole process. Information on how the colloids are stabilized
in the liquid over time and under the influence of varying temperature and irradiation is thus
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important. The experiments involved testing the influence of temperature, motion (shaking),
irradiation and storage time on the sols.
Stability experiment 1 - Exposing the sols to brief treatments UV-Vis measurements
from the different treatments in experiment number one in section 3.3.2 lead to the conclusion
that occasional shaking, short heat treatments at low temperature and room lighting do not af-
fect the colloidal silver differently than standard storage inside a dark cabinet. The reshaping of
the absorption spectrum followed the same trend for all samples as shown in figure 4.1.15. As
reported by Hoonacker and Englebienne [131], silver nanoparticles synthesized from the reduc-
tion with borohydride experience alternating nucleation and Ostwald ripening processes during
storage. This is suggested to be caused by particle-particle interactions, which experimentally
have been found to continue even after months of storage, depending on the conditions during
synthesis. As a consequence, these processes are believed to influence the size distribution of
the colloidal particles.
To investigate this, simulations of the plasmon extinction peak were performed with the
MiePlot program using the experimentally observed log-normal distribution of particle sizes, as
described in section 3.6. Figure 4.4.9a shows how the extinction efficiency spectrum changes
when the standard deviation of the distribution increases. The same development of the peak
is observed as for the experimental spectra, indicating a wider distribution of sizes following
storage of the silver nanoparticles.
Stability experiment 2 and 3 - The effect of temperature and time on the colloidal dis-
persion The colloidal silver investigated in experiment 2 and 3 exhibited severe color changes
over time. The storing conditions were similar to those in the first experiment, but the sols were
kept in another laboratory. From the TEM investigations, a slight increase in the particle size
and a widening of the size distribution over time was found. The reason for the color transfor-
mation can be seen in the spectra obtained from the sols in experiment 3, where an additional
peak arises at around 500 - 520 nm. The new peak exhibits the largest relative intensity for the
sols kept at room temperature, which indicate that thermal mechanisms over time are important
factors. The development of an additional peak or shoulder at higher wavelengths has also been
observed by others [31], and is suggested to arise from a high level of aggregation in the sol.
This is in good agreement with the TEM results showing what seems to be agglomerations of
particles in the liquid.
The color change and evolvement of the UV-Vis spectra are however different from the first
experiment. Since another laboratory have been used for the storage, temperature differences
over time could have influenced the sols, but the transformation is also observed for the samples
kept in the fridge the whole period. Another reason for the change might therefore be contamina-
tions introduced when the sols were transferred to new flask in the new laboratory. Electrolytes
such as sodium chloride (NaCl) are known to affect the stability of colloidal nanoparticles. The
repulsive electrostatic forces acting between the nanoparticles due to the adsorbed borohydride
ensures suspension of the particles, illustrated in figure 5.1.1. Salt will shield these charges,
resulting in the promotion of particle aggregation [84].
Stability experiment 4 - The influence of AM1.5 irradiation Since the nanoparticles are
intended used on a solar cell experiencing solar illumination, the effect of the AM1.5 spectrum
on the sols is an important consideration. As observed by TEM studies, a big change in the
particle size distribution follows from an hour of solar irradiation, hence the solar spectrum
clearly has big aggregation effects on the particles. This may arise from both photochemical
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and thermal mechanisms. Espescially the smallest particles have shown to absorb a big fraction
of the incident radiation according to the MiePlot simulations (see figure 4.4.4), and as a result
this could initiate aggregation of nearby particles. The TEM images also reveal relatively large
non-spherical shapes like triangular nanoprisms and nanopolyhedra in addition to the smaller
nanospheres, seen in figure 5.1.3a. Popov et.al. investigated the effect of photostimulation upon
colloidal silver [100]. Irradiation with fluorescent light (7 mW/cm2 at 10 cm distance from
sample, primarily λ=400 - 700 nm) caused the formation of nanoprisms and ellipsoids in the
colloid, as seen in image 5.1.3b. UV-Vis spectra obtained during the irradiation of the colloidal
silver revealed the evolution of an additional peak at around 650 nm in the spectra. Jin et.al.
also reported that an initiated synthesis of nanoprisms in colloidal silver occured at wavelengths
between 350 and 700 nm [52]. A discrete dipole approximation (DDA) was used to simulate
extinction efficiency spectra of nanoprisms in water, and by varying the prism geometry a shift
in the extinction peak corresponding to the plasmon resonance in the prism could be observed.
This could explain the evolution of the additional peaks above λ=500 nm observed in figure
4.1.19, which might arise from plasmon excitations in nanoprisms or polyhedra corresponding
to absorption at those wavelengths.
Figure 5.1.3: (a) TEM image from one of my samples showing nanoprisms and polyhedra in AM1.5-
irradiated colloidal silver, (b) TEM image showing prisms and elliptical nanoparticles formed in a colloid
after irradiation by a dluorescent lamp [100], (c) DDA simulations of the orientation averaged extinction
spectra of two Ag nanoprisms in water [52]
Additionally, the heating of the Cu grid during the illumination could also influence the
aggregation process. However, further investigations must be done to say something about the
mechanisms creating these transformations. Also, the behaviour of the particles under AM1.5
illumination is not given to be similar when deposited on silicon or a silicon oxide or nitride
surface of a solar cell. To prevent or minimize possible aggregation effects from occuring on
deposited nanoparticles, an alternative might be to coat the particles with an oxide layer in
advance.
Nanoparticles structure and defects
From diffraction pattern analysis, the nanoparticles turned out to contain mostly silver. How-
ever, diffraction patterns from an unknown material with a non-cubic crystal structure was also
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revealed in some cases. Kipke and Hofmeister have reported to find amounts of silver oxide
(Ag2O) in samples of silver nanoparticles [59]. Figure 5.1.4 shows HRTEM images from two
nanocrystals, a corresponding Fast Fourier Transform (FFT, used to derive structural data from
the samples) image and an image of the Ag crystal structure together with that of Ag2O, which
is a possible structure for the unknown material. Except for a slight deviation from the cubic
structure, the structure and lattice parameters of the unknown resembles quite that of Ag2O. The
deviation may arise from surface strain or the presence of H2.
Figure 5.1.4: The crystal structure of (a) a silver nanocrystal in a 4:25 sample, and (b) an unknown
nanocrystal
Surface strain may also contribute to the creation of defects in the nanocrystals, which are
visible in the HRTEM images of the colloidal silver. Experiments have shown that the electron
beam can influence metal nanoparticles to undergo structural change and aggregation during
TEM analysis [110]. This can readily be applied to our observations, which showed both the re-
moval of defects from the particles and particles melting together when irradiated by the electron
beam.
The influence of the defects on the scattering properties of the nanoparticles have not yet
been fully understood, however. For very small particles, the light will polarize the conduction
electrons in the whole particle collectively, giving rise to a plasmon excitation as described in
section 2.2.1. Intuitively, defects in the surface is therefore believed not to influence the optical
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properties to a big extent, but investigations on how the defects affect e.g. the movement of
electrons in the nanoparticle needs to be understood before any assumptions can be made.
Ethanol sol The attempt to make the same sols in ethanol was tried out to study how the
solvent liquid could affect the deposition process with respect to solvent vapor pressure and
viscosity. No literature was found on this exact synthesis.
The chemical equation for the reaction is given in equation 3.3.1, according to Solomon
et.al. [120]. An alternative equation is given by Guingab et.al. [39] where water takes part in
the reaction, unlike what is seen in the former:
Ag+ +BH−4 + 3H2O → Ag +H3BO3 +
7
2
H2(g) (5.1.1)
Hydrogen gas is also produced during the slow reduction of water by the sodium borohydride at
room temperature:
BH−4 + 3H2O → H2BO−3 + 4H2(g)
Since the yellow color in the solution indicated the formation of nanoparticles, the role of the
water might therefore be insignificant in the growth process. However, since the sol experienced
an agglomeration process shortly after the synthesis was finished, there is reason to believe
that water plays an important role in the stabilization of the particles which is not replacable
by ethanol. A solution to the instability of the ethanol sols could be the use of an additional
stabilizer, e.g. poly[N-vinylpyrrolidone] (PVP) which have shown to stabilize nanosized silver
particles in ethanol [58].
Shao et.al. also report of silver nanoparticles prepared in both water and ethanol solutions
from silver nitrate as the only precursor [113]. In this study, UV light irradiation is used to
directly decompose the AgNO3 into silver nanoparticles of different sizes.
A non-aqueous solvent that have been used frequently for the synthesis of silver nanoparti-
cles is ethylene glycol, which in addition act as a reducing agent of Ag+ species even at room
temperature [118]. The high boiling temperature of ethylene glycol(197.6 ◦C) [47]) might still
make deposition of the dispersed nanoparticles more challenging.
5.1.2 The sodium citrate synthesis
According to literature, the trisodium citrate is a weaker reducing agent than borohydride [35]
and should thus produce larger nanoparticles due to the slower reduction rate, but with a broader
size distribution [14, 114]. This is in good agreement with what is observed in this work.
As for the borohydride synthesis, the reduction with trisodium citrate involved varying the
synthesis conditions to investigate the effect on particle size, colloidal stability, etc. Since the
reduction of silver nitrate happens at a slow rate with sodium citrate, the solution has to be
heated. The preliminary syntheses demonstrated the importance of controlling the duration of
the boiling, which could, if performed too long, lead to heavy aggregation of the colloids.
TEM investigations were only performed on some of the colloids produced during the ex-
tended synthesis in experiment 2 of the citrate synthesis. As the images in figure 4.1.23 reveal,
the particles are heavily aggregated and form relatively large and branched crystals compara-
ble to tree-like fractals. A closer look at the individual agglomerated particles reveals a broad
distribution of sizes, but most seem to be within 50-100 nm in diameter, exhibiting edged and
pseudo-spherical shapes. An aggregation process exhibiting a similar branch pattern has been
reported by Fang et.al. [30], and is shown in figure 5.1.5 compared to a TEM image from one
of my samples. A difference is however that the aggregation is induced by adsorption of the
organic dye crystal violet on the nanoparticles in figure 5.1.5b. The reason for the aggregation
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is argued to be shielding of the electrical charges between the particles ensuring the repulsive
interaction, in a way comparable to what happens when salts induce aggregation in borohydride-
stabilized nanoparticles of silver as described in section 5.1.1. The aggregation observed in our
samples could arise from a similar process, given that the colloidal silver has been exposed to
contaminations during e.g. sample preparations. This is however difficult to deduce from the
present samples before further investigation is done, hence the aggregation might as well be a
result of the synthesis conditions.
Figure 5.1.5: (a) TEM image of aggregated nanoparticles of silver from one of my samples. (b) AFM
image of silver nanoparticles aggregates induced by addition of crystal violet in colloidal Ag on mica.
The citrate synthesis method is known to produce particles of wide size distributions, and
reports of particles ranging from a few nanometers up to above 100 nm are found in the literature
[53, 116, 117, 71]. Whereas the citrate reduction of HAuCl4 can give good size control of
the formed nanoparticles by varying the precursor compositions, similar synthesis to produce
nanoparticles of silver have shown to provide little control of the final particle size [77]. The
TEM images from the investigated citrate colloids showed little variations between the different
samples, but the heavy agglomeration also made particle size and shape hard to determine. Thus
further TEM studies have to be performed to deduce any correlations between the synthesis
conditions tried out in this work and the final particle characteristics.
Several UV-Vis spectra were obtained from the synthesized sols, and all the measured peak
positions were found to be within a range from 422.5 to 436 nm. According to the Mie sim-
ulations, this will imply nanoparticles around 70 nm in diameter, as seen in figure 4.4.2. As
argued for the borohydride synthesized particles, this does not tell the whole story because of
size polydispersity in the experimental samples. Thus, the particles might have a mean diameter
of less than 70 nm if the same correlation holds for the citrate silver. The correctness of applying
the Mie theory to particles in this case is however not as obvious as for the borohydride synthe-
sized colloids. Although it may be difficult to obtain any good information about the shape of
the particles before they take part in the observed aggregations, they exhibit a high degree of
angularity as seen in the TEM images. Still, the UV-Vis absorption spectra exhibit only a single
peak for each of the samples, which gives indications of at least fairly spherical particles [117].
Another important consideration is how the particles are dispersed in the colloidal form com-
pared to how they behave after being left for solvent evaporation on the copper grid used in the
TEM investigations. Studies have shown that particles synthesized by similar methods tend to
aggregate once deposited on various substrates [116].
5.1. The sol synthesis 115
Varying the synthesis conditions
The synthesis conditions were varied in similar ways as for the borohydride method by varying
parameters for the compositions, temperature and duration of stirring and addition. Different
precursor concentrations were also tried out to test the stability of the produced nanoparticles,
which proved to be of significant importance in the synthesis of silver nanoparticles with the
sodium borohydride reductant [86].
The addition of trisodium citrate to silver nitrate As shown in figure 4.1.21d, the ab-
sorption peak exhibits both an intensity increasement and a red-shift as the duration of the addi-
tion is increased. This is somewhat contrary to the observations in the borohydride synthesis. A
natural explanation might be that the citrate reductant is added in drops to the silver nitrate solu-
tion while it is performed the other way around in the borohydride synthesis, with the aqueous
AgNO3 being added to the NaBH4 reductant.
The influence of stirring on the optical properties of the colloidal silver Figure 4.1.21a-
c shows how the stirring time after the addition is completed influence the UV-Vis spectra of the
sols. For all the compositional ratios the absorption intensity is both enhanced and red-shifted
with increased post-addition stirring time. As discussed for the borohydride sols, prolonged
stirring has been found to induce aggregation of colloidal silver [31]. This could well be the
reason for the observed changes in the experimental spectra, since aggregation results in larger
particles which tend to red-shift and enhance the absorption peak [15].
The effect of varying the synthesis temperature In most studies done on the citrate re-
duction of silver nitrate, the synthesis is performed under boiling conditions [53, 117, 71]. Since
the boiling conditions complicates the controllability of the synthesis, it was also tried out at a
temperature of around 80◦C, but with a smaller compositional ratio than the previous experi-
ments, as adopted by Kamat et.al. [55]. The UV-Vis spectra from the colloids obtained at 80◦C
exhibited plasmon absorption peaks at slightly lower wavelengths than the samples obtained at
boiling, and a higher absorption was also observed at the higher wavelengths, seen in figure
4.1.25. The origin of these differences are hard to deduce without TEM characterization of the
samples, although an increased absorption-tale at the longer wavelengths generally could be as-
cribed aggregation processes and the blue-shift might be due to smaller-sized particles in the sol
[117]. In conclusion, colloidal silver is believed to be obtained by the citrate synthesis without
boiling, but both the reduced temperature resulting in a lower reduction rate and the considerable
changes in the compositional ratio and precursor concentrations are believed to cause significant
changes in final size, structure and stability of the aquired nanoparticles. TEM investigations
can be used to investigate this in future work.
The sodium citrate method with an additional stabilizer
Due to the TEM-observations revealing heavy aggregation in the citrate reduced samples, an
additional stabilizer (PVP) was tried out to examine the influence on the sols. Only UV-Vis
spectroscopy was performed to examine the synthesized particles. From the spectra, no sig-
nificant change in the peak position could be observed from the synthesis performed without
the PVP, indicating particles of similar size. Only an enhancement of the absorption tail at the
higher wavelengths (which increased with increasing amount of PVP in the solution) made the
sols appear green. According to literature, the amount of PVP in the solution strongly influences
the size and shape of the produced particles [77, 138]. Additionally, the adsorption of stabilizers
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such as PVP has been shown red-shift absorption spectra due to an increase in the dielectric
constant of the particle surroundings [87]. However, any significant shift of the absorption peak
is not observed in the experimental spectra obtained compared to the identical synthesis without
PVP (experiment 3). Chou et.al. have studied the effect of silver nanoparticle stabilization with
PVP of varying molecular weight (MW) [26]. The investigated PVP’s had MW’s of 8000, 29
000 and 55 000 g/mol, which are commonly used for stabilization of metal nanoparticles. My
samples were made with a PVP with a MW of 360 000 g/mol, which could have caused negative
effects to the stabilization of the nanoparticles.
5.2 Deposition of the sols onto substrates
AFM images of silicon substrates with deposited silver nanoparticles from the borohydride syn-
thesis shows what appears to be particles that are larger than the dispersed Ag-nanoparticles in
the colloidal solution. There are possible reasons for this.
• One obvious reason is of course that the particles are not pure silver, merely dust or sil-
ver that has become larger through a reaction with another compound. Energy Dispersive
Spectroscopy (EDS), which is an integrated tool in the SEM setup for chemical spot analy-
sis, was performed on a silicon wafer substrate with deposited borohydride-Ag, as the one
seen in figure 4.2.4, to investigate this. However, due to the large depth of the detection
volume relative to the size of the deposited silver nanoparticles, no valuable information
could be extracted from the EDS-spectra. Nevertheless, the particles in the SEM im-
age stand out brighter than the surroundings, which is typical for heavier elements which
backscatter electrons more strongly than elements of lower atomic number [40]. Since
silver certainly is heavier than silicon and the particles appear in the same way spherical
as those seen in the colloidal form, it can be expected that the particles are most likely to
consist of silver.
A possibility is that oxidation effects have taken place on the silver nanoparticles which
have caused them to increase in size. It is a well-known fact that silver tend to tarnish in
ambient air, e.g. causing dark spots on silver spoons. Studies on the chemical instability of
silver nanoparticles under ambient conditions have shown an estimated corrosion product
growth rate of approximately 3 nm per day, which in fact is 7.5 times higher than for
bulk Ag [80]. The growth was shown to originate from sulphur, presumably chemisorbed
on the surface forming silver sulphide (Ag2S). Due to the density difference between Ag
(10.5 g/cm3) and Ag2S (7.2 g/cm3), it was assumed that the conversion of 1 nm silver
resulted in a scale layer of 1.6 nm silver sulphide (for a particle with r = 25 nm). Hence, if
the case is a growth of a 3 nm layer of silver sulphide per day, the particle will experience
a 3.75 nm daily increase in the diameter (complete conversion assumed). The full duration
of the silver oxidation is however not accounted for, but it lasts for at least two full days.
This will cause the nanoparticles to grow by 7.5 nm in diameter, given that the growth rate
and thickness conversion can be adopted for our particles, which are somewhat smaller.
• The AFM tip could make the particles look bigger than they really are. AFM images are
products of the probe geometry and the geometry of the imaged features. A radius of the
tip curvature comparable to or greater than the size of a sphere on a surface will cause
the side of the probe to broaden the image features [86], as illustrated in figure 5.2.1.
However, the feature height is independent of the probe shape, and can thus be used to
indicate the size of spherical particles on a surface. Unfortunately, the z-values are not
determinable from the AFM images.
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Figure 5.2.1: Motion of the AFM probe as it goes over a sphere on a surface. The side of the probe
causes a broadening of the image features in (a).
• Another possible explanation is agglomeration of the silver nanoparticles on the silicon
surface. This has been observed earlier by Sileikaite et.al. [116] for colloidal Ag particles
deposited by a dipping technique. Due to what seems like distortion in the AFM images
in the article, it is hard to determine whether the particles look like agglomerates or indi-
vidual particles. In this work, the deposited nanoparticles appear quite spherical both in
the SEM and AFM images, without indications of particle agglomerates (except for a few
sparsely distributed areas like the one shown in figure 4.2.4b, which are not representa-
tive for the whole sample). The particles studied by Sileikaite et.al. are produced from a
trisodium citrate reduction of silver nitrate, known to produce Ag nanoparticles of wide
size distribution and high shape irregularities [117] (also see section 4.1.2 in this work).
This may affect the agglomeration properties compared to the smaller and more spherical
borohydride synthesized nano-Ag treated in this discussion.
Depositions on a rough surface The deposition of the nanoparticles onto solar cells was per-
formed using techniques that showed to produce even distributions in small areas on silicon
wafers. Since the solar cells used in this work have textured surfaces, the same characteriza-
tion of the surface could not be carried out. Based on the visual appearance of the substrates
during and after the deposition, the drop-on technique resulted in similar large-scale coverage
of particles for the solar cells. Still, the deposition onto textured surfaces may lead to uneven
distributions as exemplified in figure 5.2.2a.
Figure 5.2.2: Deposition of nanoparticles may lead to uneven distributions due to surface roughness.
Another, contradictory possibility, is the lack of groove particle deposition due to the sur-
face tension of the water preventing the colloidal solution from reaching into the grooves, as
illustrated in figure 5.2.2c. Surface roughness is known to cause high hydrophobicity depending
on the surface pattern and design [13]. Nevertheless, the evaporation of the water solvent may
possibly lead to the situation in (a) as well as (b) as the final deposition outcome.
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5.2.1 Deposition of colloidal silver onto solar cells
Reflection measurements
The reflection measurements were performed on planar cells with only the native oxide as an
"ARC" layer to study the effect of the deposited silver nanoparticles. Both particle types proved
to reduce reflection significantly, but the effects proved more prominent for the borohydride sil-
ver. The deposited borohydride Ag-particles were made with the 25:25 ratio, which according
to TEM investigations contained Ag particles with an average diameter of 15 nm. No TEM
investigation was performed on citrate sol #9 which was deposited on the cell, only UV-Vis
spectroscopy. By assuming the colloidal particles to be fairly spherical and dispersed, the exper-
imental absorption spectra indicates particles in the area around 70 nm in diameter according to
the Mie theory simulations presented in figure 4.4.2.
There could be several reasons for the difference in reflection reduction properties between
the two particles. Even though the extinction cross section is in principle larger for the citrate
silver, low particle surface density or high reflection off the particle itself might be reasons for
the lower reduction. Also, possible residues from the different nanoparticle syntheses might
absorb differently.
The reflection measurements alone however, tell nothing about whether the light is lost to
absorption in the particles or confined in the substrate due to scattering effects. Figure 2.2.5a
shows the dielectric function of silver, where ′′ is the term related to the absorption. For silver
this is low for wavelengths down to around 350 nm, which means small dissipation of heat
into the metal for photons of lower energy. The same behaviour is observed in the modeling
of the radiative efficiency (Qrad), which is defined as the fraction of light incident on a metal
nanoparticle being scattered by (instead of absorbed in) the metal. The radiative efficiency as
a function of the wavelength for different metal nanoparticles in vacuum is calculated in figure
4.4.8, and it shows the Qrad reaching a plateau of low wavelength dependancy just above 400
nm in the case of silver.
If one then considers the Qrad at specific wavelengths as presented in figure 4.4.7, the sim-
ulations show big variations for the different particle sizes. According to the Qrad spectra, a
large part of the radiation is absorbed in the small borohydride reduced Ag, whereas the as-
sumed larger citrate reduced particles seem to scatter most of the incident radiation. This is an
important consideration, since it is crucial that the nanoparticles not only collect the incident
light, but also re-radiates it into the solar cell substrate instead of loosing it to generation of heat.
Hence, the citrate silver particles seem most fitted for light trapping applications according to
the theoretical calculations in this case.
While the borohydride silver nanoparticles seem to reduce reflection quite equally at the
whole wavelength range studied, the citrate silver exhibits a larger reduction at the lower wave-
lengths. A possible explanation may lie in the absorption of the nanoparticles which is lowered
when going towards higher wavelengths, but since the particles alone have shown to have little
influence on the light extinction above 700 nm (in colloidal form, see spectra in section 4.1), sub-
strate effects must be taken into consideration. The low wavelength dependancy of the decrease
in reflectivity is unlike what is observed in the measurements done by Pillai et.al. presented
in figure 2.2.12d. However, since the measurements were performed on solar cells that had
gone through firing and contacting, the initial reflectance (and thus the potential for reflectivity
reductions), might be different from the double-sided polished wafers used in Pillai’s case.
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Electrical characterization
Conventional wafer based solar cells were used as substrates for the experiments. The aim was to
investigate the potential for further light absorption in cells with thick substrates and traditional
light trapping arrangements. The results from the QE measurements show different types of
enhancements depending on the deposited particles, deposition technique and cell type.
The borohydride silver depositions A significant increase in the quantum efficiency at
the higher wavelengths is observed for the borohydride-deposited nano-Ag. Figure 4.3.3a shows
how the deposited nanoparticles produce an enhancement from around 1000 nm and up to an
observed maximum of approximately 6% increase at 1150 nm (the highest measureable for the
spectral response unit). This is in good agreement with results from earlier work on wafer-based
cells, showing EQE enhancements by a factor of up to 2.8 related to increased absorption in the
near-band gap region of silicon [12]. Similar enhancements of the photocurrent at the longer
wavelengths are also reported by Pillai et.al. [95] (shown in figure 2.2.12b). The enhancement
found in this work is quite modest compared to the mentioned observations however, this is
believed to arise from several reasons:
• The textured cells already possess an optical path length enhancement compared to the
planar cells used by others, thereby reducing the potential for additional light trapping.
• The passivating layer (Si3N4 ARC) of the cells used in this work could be up to 70-
80 nm thick, which makes the separation between the particles and the silicon substrate
a lot larger than the 30 nm used by Pillai et.al. A large separation has been shown to
decrease the substrate-particle coupling, making the positive effect of the nanoparticles
less significant [122, 3, 24] (also treated in section 2.2.5).
• According to the simulations performed in section 4.4 based on the Mie scattering theory
[15], the sizes of the particles used in this work are not optimal with respect to the purpose
of re-emitting light into the underlying substrate. As treated in section 5.2.1, the nanopar-
ticles from the borohydride synthesis are relatively small compared to the particles seen
in figure 2.2.11 which vary from 120 nm to 350 nm depending on the mass thicknesses.
Hence, it is assumed that a bigger part of the incident light is lost to absorption in the
particles in our case.
• Issues concerning e.g. surface coverage of the particles [29], particle shapes [23] and
possibly the contact area between the particles and the underlayer are expected to play
influential roles on the enhancement, and may consitute limiting factors to the quantum
efficiency.
The two measurements in figure 4.3.3b arise from the multicrystalline nature of the substrate,
as described in section 4.3.2, and can be said to be the maximum and minimum producing the
measurement uncertainty in this case. The peak maximum lies at around 1050 nm for both
cases, but varies from a 12 to 37 % increase in the quantum efficiency. However, compared to
the enhancements observed for the Si3N4 coated 100µm thick cells in reference [12] (shown
in figure 2.2.7), an increase of almost 40% seems unlikely with respect to the possible limiting
factors discussed above. Hence, the measurement giving the lowest enhancement is believed to
be closer to the real value.
Both the measurements in figure 4.3.3b show a peak for the enhancement at around 1050
nm. This can be ascribed to the silver nanoparticles scattering the incident light at high angles
into the substrate [12]. However, one could expect a further increased enhancement towards
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even higher wavelengths, like what is observed in figure 4.3.3b. Instead the QE enhancement
drops in this region. To account for this, the colloidal silver samples used in the experiments
were further investigated.
The sols used in the experiments, #1 and #25, are made with ratios of 7:25 and 25:25, re-
spectively. According to the TEM observations discussed previously (section 4.1.1), this should
give slight variations in the particles sizes. However, TEM and UV-Vis spectroscopy analysis
have revealed deviations from the observed trend in the case of sample #1. Figure 5.2.3a shows
the spectra for the two sols (the absorption intensities are adjusted to fit, and should not be con-
sidered), with the 7:25 sample clearly possessing a shoulder not previously seen in this work for
untreated borohydride silver. The TEM image in (b) also show a wide size distribution, with
a big fraction of particles larger than what should be expected from a 7:25 ratio sol. Similar
UV-Vis spectra are also observed by Fang et.al. [31], where an additional shoulder peak appears
at a higher wavelength. The reason for this is explained to be a high level of aggregation due to
an extended stirring time after the synthesis. This could readily be applied to sol #1, which was
left on the stirring plate for an additional 15 minutes after the addition was finished.
Figure 5.2.3: (a) The UV-Vis spectra of the 7:25 and 25:25 sols used in the experiment. (b) Corresponding
TEM image from the 7:25 colloids.
Ultimately, the sizes of the particles before deposition showed to be quite equal, so another
reason for the difference may lie in the distribution on the surface. Both samples were prepared
equally, using the drop on-technique with equal volumes of sol deposited. During the preparation
of the sols however, more than three times the amount of silver nitrate was used in the synthesis
of the 25:25 sol than for the 7:25 case. This is believed to have resulted in a higher concentration
of colloidal silver in the sol, and a higher amount of silver being deposited on to the sample in (b)
than in (a). Due to the important role of the particle surface density [76, 29, 3], this might have
resulted in the higher enhancement seen in (b), but additional characterization of the surface
after the deposition is needed to understand these effects.
Below 600 nm a negative value for the change in quantum efficiency is observed in both
cases. As discussed previously (section 5.2.1), this may be ascribed the absorption of incident
light in the silver nanoparticles, and hence not contributing to the generation of charge carriers.
A similar transition is observed by Beck et.al. in the 600 nm region for the QE enhancement
seen in 2.2.7b [12], with silver nanoparticles deposited onto a solar cell with a silicon nitride top
layer.
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The citrate silver depositions According to the radiative efficiency simulations shown in
figure 4.4.4 from section 4.4, the bigger nanoparticles produced in the sodium citrate reduction
synthesis have scattering properties more suitable for re-emitting light into the underlying sil-
icon. Experimental work with particles of different sizes have also shown that larger particles
not only tend to absorb less at the lower wavelengths, but due to the red-shift of the bare particle
resonance, a greater photocurrent enhancement is observed at the wavelengths close to the band-
gap of silicon [95, 85] (the effect of the bare particle resonance on the enhancement is treated in
section 2.2.5).
Thus, a more pronounced effect was expected for the deposition of citrate silver compared to
that of the borohydride particles. Figure 4.3.4a shows the QE enhancement after the deposition
of citrate sol #9 onto a monocrystalline silicon solar cell. Even though the curve shape resembles
that of the experiments with borohydride silver, the effect is much smaller, almost insignificant.
A possible reason might be the thicker substrate used for the experiment, thereby reducing
the potential for plasmonic light trapping. While the other samples were made from approxi-
mately 180 µm thick multicrystalline substrates, this experiment was conducted on a cell with a
300 µm thick monocrystalline wafer basis.
Furthermore, the behaviour of the citrate produced particles when deposited on a substrate
is not fully investigated in this work, and may be a critical issue concerning the light trapping
properties of the particles. TEM investigations performed on some of the citrate-sols revealed
heavy agglomeration of the particles on the Cu grid, see figure 4.1.23. Work done by Sileikaite
et.al. also report similar agglomeration for silver nanoparticles synthesized by the same method,
deposited on a silicon surface [116, 117]. Since no TEM investigation was performed on the
citrate sol #9 used in this experiment, it is not possible to determine the size and structure of the
colloidal particles. However, UV-Vis spectroscopy measurements indicate particles in the size
regime around 70 nm (see figure 5.1.2).
An agglomeration process will change the size and shape of the nanoparticles drastically,
as seen in figure 4.1.23. Irregular particle shapes do not necessarily affect the light trapping
abilities of the particles strongly, as obviously is the case for the largest particles in 2.2.11 which
still produce large photocurrent enhancements. However, if the structure of the particle get too
complex or the size too big, the incident light will no longer be able to polarize the particle ho-
mogeneously. This will excite multipole oscillations of surface plasmons, causing the radiative
scattering efficiency to decrease and the fraction of light emitted into the active substrate to be
lowered [123] (also see section 2.2.3).
Figure 4.3.4b shows the enhancement resulting from the same citrate-sol deposited in two
spots on a multicrystalline solar cell sample. No big differences between the two spots were
observable to the naked eye following the depositions. Both measurements exhibit similar en-
hancements in the region from 700 to 1000 nm, but a big difference is seen at the higher wave-
lengths. Measurement "multi_2" show an increase towards the band-gap of silicon in the same
way as observed for the sample in figure 4.3.3a, but a higher enhancement of 18% is observed at
1150 nm in this case. Contrarily, sample "multi_1" exhibits a decrease in this region as seen for
the mono cell in (a), and an actual lowering of the quantum efficiency is observed at the higher
wavelengths. In many ways this emphasizes the need for a more optimized deposition technique
and a better understanding of what happens on the surface following the deposition to increase
the reproducibility of the measurements.
In contrast to the other measurements, the graphs also show enhancements in the 400 - 500
nm wavelength region, where no enhancement due to plasmonic light trapping is expected. Since
the measurements were conducted through the front grid of the solar cell, this could arise from
errors caused by the electrodes in the initial QE measurements.
Schaadt et.al. have reported of enhanced photocurrent at similar wavelengths by using col-
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loidal gold applied onto wafer based solar cells. The peak enhancement varies between approx-
imately 500 nm and up to almost 1000 nm depending on the particle size. The colloidal gold is
applied directly onto the solar cell emitter without any antireflection coating (ARC) in between,
and the enhancement is ascribed the electric near-field in the immediate vicinity of the nanopar-
ticles, directly generating charge carriers (see section 2.2.6). Whether this mechanism can be
used to describe the short wavelength enhancement observed in my case is uncertain, since the
antireflection coating causes a relatively large separation between the metal nanoparticles and
the silicon substrate.
Furthermore, for the particle sizes used in the work of Schaadt et.al (up to 100 nm), the gold
particles are expected to scatter a large fraction of the incident radiation at the higher wave-
lengths (see MiePlot simulations in figure 4.4.8). However, no photocurrent enhancement re-
sulting from such processes, which could cause increased path lengths of light in the silicon,
is seen at the longer wavelengths. In that sense, this is somewhat comparable to some of the
observations from my measurements, and might explain why the QE enhancement is decreased
at higher wavelengths in some of the cases.
The total enhancement of the cells Despite pronounced enhancements at the higher wave-
lengths, the high absorption in the particles at the lower wavelengths, causes the deposition of
the silver nanoparticles to result in an insignificant enhancement to the total efficiency of the
device. The short circuit currents generated from the quantum efficiency measurements show
that the changes are very small summarized over the whole wavelength scale.
IV-measurements were also tried out on whole 50x50 mm solar cells, fully covered with
deposited colloidal silver to study if an enhancement effect could be noticeable on a larger
scale (not shown here). The experiments resulted in no significant change in the solar cell
characteristics however, presumably due to the above-mentioned reason in addition to uneven
distributions of the particles across the cell surface. The uneven distribution at a relatively large
scale can be attributed capillary flow meachnisms resulting in a transport of the solute to the
periphery of e.g. a draining drop of colloidal silver on a substrate [28]. When deposited in a
large area, the ring-shaped stains following the evaporation of the liquid leaves a part of the
solar cell surface covered with random nanoparticle congestions, possibly limiting the scattering
properties.
Earlier work with colloids for solar cell light trapping applications During the work of
this thesis, I have come across only two groups that have demonstrated the use of colloidal
nanoparticles for absorption enhancement in silicon solar cells. Both uses gold as the metal of
choice, Derkacs et.al. [29] on amorphous silicon p-i-n solar cells, and Schaadt et.al. [109] on
wafer based cells. The latter reports of an almost two-fold increase in photocurrent at around 500
nm for 100 nm particles. The work seems to be of preliminary kind, and several optimizations
are believed to be possible for greater enhancements. Silver, which is the metal of choice for
this work, could have the potential to further increase the photocurrents relative to gold due to
its advantageous scattering properties (see figure 4.4.7).
5.2.2 Large scale integration
The chemical approach to making nanoparticles for plasmonic solar cell applications might have
big economical and technological advantages before physical deposition techniques. Making
chemically synthesized nanoparticles could potentially be a much cheaper alternative and it also
holds the benefit of not needing any further annealing steps which may influence other solar
cell components. Even though the enhacements seen in this work are modest compared to some
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found in literature, an important consideration is that the cells used for the investigations in this
case are textured. The physical deposition techniques employed in earlier work might be hard
to employ or even unsuitable when using non-planar substrates.
However, several challenges need to be overcome to be able to integrate it in large solar
cell manufacturing processes. The deposition technique mostly adopted in the work of this
thesis has a low level of reproducibility compared to the physical evaporation methods. IV
measurements were performed on 5x5 cm solar cells with deposited silver nanoparticles (not
included here), but no significant increase in the overall cell performance was observed. Even
if the deposited nanoparticles exhibit enhancements in small areas of the cell, poor depositions
and particle accumulations in other areas might actually lead to an overall negative effect of the
nanoparticles.
Alternatively, the most obvious approaches are probably spin coating or spray coating tech-
nologies, which are already well known in semiconductor industry for e.g. the deposition of
photoresists, during emitter formation, etc. Water is not an ideal solvent for these purposes, as
has been experienced through the work of this thesis. A more likely alternative could involve
the use of polymer solvents with more suitable viscosity to ensure large area depositions of sur-
face adhesed nanoparticles. After the deposition, the surface will then have to be subjected to
a second compound to remove the polymer residues on the surface, which possibly could have
negative influence on solar cell performance. Approaches have been tried out by first covering
the surface with a poly-L-lysine solution to facilitate immobilization of the applied colloidal
silver solution [29, 109]. After being subjected to the nanoparticles, the substrates underwent an
oxygen cleaning step to remove residues of the polymer. The process resulted in a low surface
coverage of the nanoparticles, and an increased photocurrent enhancement is expected for higher
levels of particle density.
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Chapter 6
Concluding remarks
The experimental work of this thesis has involved primarily two things; (i) the wet chemical syn-
thesis of silver nanoparticles and the structural characterization of these, and (ii) the use of the
synthesized nanoparticles in solar cell applications. By employing different reducing agents and
varying the synthesis conditions, it proved possible to obtain particles of different size regimes.
It was also shown that chemically synthesized nanoparticles of silver can be used to enhance the
performance of silicon-based solar cells through light trapping effects. Spectral response mea-
surements demonstrated increases in the quantum efficiency for conventional wafer-based solar
cells at the longer wavelengths, indicating the utilization of incident radiation that is normally
lost in silicon.
The concluding remarks from the conducted experiments and the MiePlot simulations are
summarized below.
6.1 Experimental work
The reduction of silver nitrate by sodium borohydride in water resulted in the formation of
mostly spherical nanoparticles of silver. By varying the relative amounts of the precursors it was
possible to control the average diameters of the synthesized particles from around 7 nanome-
ters up to approximately 15 nm, determined by HRTEM investigations. The colloidal silver
exhibited an intense and narrow absorption peak at a wavelength of around 395 nm with slight
deviations depending on the synthesis conditions, as measured by UV-Vis spectroscopy. Inten-
sity variations occured among samples of compositional differences, presumably arising from
different quantities of nanoparticles present in the sols. It was found that the mixing rate and the
duration of the post-mixing stirring affected the stability and size distribution of the colloidal
silver, respectively.
Diffraction pattern analysis from the TEM investigations of the borohydride reduced parti-
cles revealed the presence of what is tentatively attributed to be silver sulphide, Ag2S. Defects
were observed in some of the borohydride reduced particles, predominantly twins and stacking
faults.
The influence of temperature and irradiation on the colloidal stability of the borohydride
silver was investigated with TEM and UV-Vis spectrometry over a period of up to 4 months.
Brief exposures to high temperature, visible light and vigorous shaking turned out to exhibit
insignificant effect on the dispersed particles. However, temperature differences over longer
periods evidently caused changes in the size distribution and short periods of AM1.5 spectrum
irradiation resulted in the aggregation into larger particles.
By adopting trisodium citrate as the reducing compound, it was possible to obtain particles
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of a larger size regime and with a broader distribution of sizes. UV-Vis spectroscopy of the sols
showed absorption peaks varying from around 425 to above 435 nm depending on synthesis con-
ditions. HRTEM investigations performed after the evaporation of the solvent water displayed a
high degree of nanoparticle aggregation, and the presence of crystals with irregular and pseudo-
spherical shapes. From the HRTEM images the aggregated particles appear to have diameters
varying from approximately 50 to 100 nm.
Polished silicon wafers were exposed to the colloidal silver and investigated with AFM and
SEM to study particle distributions for different deposition techniques. It was shown that the
particles could be distributed evenly in small areas on silicon surfaces. Examination of the sub-
strates revealed a general increase in the particle diameter in comparison with the TEM inves-
tigations of the colloidal state. Suggested reasons are oxidation processes making the particles
increase in size, AFM probe artifacts and the aggregation of nanoparticles.
Optical measurements performed on planar monocrystalline silicon solar cells revealed a
decrease in the reflectance over the whole spectral range (400 - 1150 nm) after the deposition of
the nanoparticles.
Colloidal silver was deposited on conventional wafer-based solar cells to investigate the po-
tential for further light harvesting. Quantum efficiency measurements demonstrated promising
enhancements at the longer wavelengths resulting from the deposition of particles from both
synthesis methods.
6.2 MiePlot simulations
By employing the MiePlot v.4.2 software, it was possible to simulate absorption spectra com-
parable to those obtained by UV/Vis spectroscopy of the experimental sols, giving indications
of particle sizes and size distributions. Simulations of the light extinction exhibited by various
metal nanoparticles was used to obtain relationships between the extinction peak position wave-
length and the diameter of the nanoparticles and the refractive indices of the surrounding media.
Investigations performed on the radiative efficiency of nanoparticles of gold, copper and silver
showed that silver has the most favorable scattering properties with respect to the use in solar cell
light trapping applications. By adopting a log-normal distribution function in the simulations,
the effect of particle size distributions on the extinction spectra could be investigated.
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6.3 Further work
It is believed that improvements could be done in the deposition procedure to facilitate larger-
area depositions and increase the reproducibility of the process. E.g. the replacement of water
with higher-viscosity solvents could make spin coating, which is already highly incorporated in
semiconductor industries, more applicable. A different approach could be to subject the substrate
surfaces to e.g. a suitable polymer in advance to reduce the mobilization of the nanoparticles.
The polymer will most probably have to be removed afterwards to avoid possible negative effects
on solar cell performance.
According to the quantum efficiency measurements, a large fraction of the light is lost pre-
sumably due to absorption in the particles at the lower wavelengths. According to the simu-
lations, the particle sizes used in this work are not optimal with respect to radiative efficiency.
Thus, employing larger particles in future experiments may contribute to increasing the light
trapping-effect exhibited by the nanoparticles.
Furthermore, to get a more complete understanding of the potential light trapping possibil-
ities that lie in the use of chemically synthesized nanoparticles of silver, several adjustments
could be done to the solar cell substrate:
• The solar cell could be made with a thinner active region. This way, a larger share of
the long wavelength incident radiation that will normally pass through could instead be
subjected to nanoparticle scattering, possibly increasing the optical path length inside the
silicon.
• Using tinner antireflection coatings would be beneficial for strengthening the coupling be-
tween the particle and the semiconductor substrate while suppressing spacer layer waveg-
uiding effects.
• The use of planar cells would allow for an easier characterization of the distributions of
the deposited nanoparticles. Also, potential problems related to depositions on textured
surfaces could be avoided, like clustering of particles in surface grooves which might
result in non-uniform distributions.
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